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!$1 SUMMAR'i' (IJ) 

~ INTRODUCTION (U) 

¢l The techniques most commonly usea today tor detecting submartnes imiolve the detection 
of sound emitted by or reflected from the target. However, it is expected that in the future. the 
effectiveness of acoustic sensors will docline because of increasingly noisy seas. acoustic 
countermeasures. and quieter submarines with antireflective coatings. The study described herein 
was undertaken to Hek out. In some organized way. new methods and means tor detuctlng 
submarines with particular emphasis on nonacoustlc techniques tor achieving search rates of the 
order of 1500 to sooo square nautical miles per nour. 

jS) RESULTS (U) 

¢l This study started effectively at tho bottom Hn8 requirement for a high-search-rate ienaor 
and attempted to work upward through the various phenomena and technologies potentlal!y 
applicable tu the nonacouatle detection of &ubmarin99. A "field" approach waa adopted in which 
scores of posalble Interactions ot the eubmarlnG. environment. and potential sensor through "fields" 
associated with ..ach we,. examlmtd and subjected tQ "back·oMhe·envelope" teasibillty 
calculations. The most promising approaches. from the point of view of high search rate, appear to 
be those in which a submarine-generated field (rr.agnetlc, Kelvin wave, gaseous contaminant. 
acoustic) is probed by a scanning beam of electromagnetic radiation originating from a search 
alccraft. · 

\Sl CONCL.USION (U) 

~ The quest for new large•area search sensors should concentrate on the remote detection of 
subrnarine·yenerated magnetic, Kelvin wave, gaseous contaminant, and acoustic fields. 

cf> RECOMMENDATIONS (U) 

t¢l A detailed study should be conducted ot the various magneto-optical phenomena that are 
derivatives of the Zeeman and Faraday effects to determine how they mi9ht be applied to the remote 
datecyon of small variations in a weak magnetic field. 

(,fG> A study should be performed to de\ermine the detection envelope a& a function of sea state 
and submarine size. speed and depth for an ideal Kelvin wake detector. The results of this study 
should then be used in a sysfems analysis to determine the operational utility of the hypathetical 
ideal Kelvin wake detector. It so indlc:uted by the studlfls, development ot oquipment (which may be a 
combination of sensors designed to measure the various characteristics of the Kelvin wake) should 

procl1d. 
( ) An investigation Into the remote electro·optlcal detection of gaseous contaminants 

pro ueed by submarine . .,should be conducted. The study should cover contaminants that exist in 
the form of bubbles in the w41ter, dl&solvad in the water. and In the air. 

((t) A study should be carried out to determine what ways, If any. ant available tor sensing, from 
an aifborne platform, pressure variations in a submarine-generated acoustic field without the need 
for an electromechanical transducer at the mr·sea interface, 
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1.Cl ¢ INTRODUCTION (Ul 

,tCi At pro$ent the most widely exploited techniquas for detecting completely submerged 
submarines involve the detection of sound emitted by or reflected from the submanne. However. it 
appears tnat in the future !tie utility of acoustic sensors will d1mm1sh because ot (1) the development 
of quieter submarines. (2} the installat1on ot anechoic coatings on submarines. (3) the increasing 
acoustic noise levels of the seas from ever increasing numbers of engine·powered water craft and 
offshore drilling rigs. anu (4) th"l development ot acoustic and eieclromagnelic decoys and 1ammers. 
Accordingly, in recent years. thore has been renewed interest In the possible development of new 
types oi nonacoustic sensors to supplamont or supplant acoustw devices. with particular emphasis 
on aohioving high area search rates. 

(U) In the past. the approach to nonacousUc detection has been episodic and sporadic Wlth 
m&n)' arcane second-order effects being Investigated which offered little llkellhood of success under 
even controlled and contrived test conditions and an even smaller likelihood of eventual fleet 
acceptance. lndepem:lent Research Project GC 189 (Program Element 61152N. Task Area Number 
ZR01111 l "Systematic Investigation of Potential No1\l1ooust1c Submarine Detection Techniques" 
was eatabl!shed on 20 March 1978 to seek out. in sorne organized wav. new ways for detecting 
submarines. This Investigation started at the bottom line by asking "What does the fleet need?" ana 
"What classes of phenomena and sensors could possibly satisfy that need?" The bottom line in thia 
case was a sensor capable of yielding effective aearch rates of 1,500 to 5,000 square nautical miles 
per hour against submarines of au types, depth!S and speeds. In most prwious 111vestl~atlons. the 
starting point tlas been some skill of the principal Investigator In a field such as hydrodynamics, 
h\ftarad radiometry or magnotlsm that was applied to the problem. In this investigation, an attempt 
was made to proceed without bias toward any particular technology. 

(U) The objective of this investigation was to discover and to assess tho teasibilily of new and/or 
hitherto unexploited conceots for the detoctlon of submarines with particular emphasis on 
nonacoustlc sensors applicable to airborne platforms. ano to identify and propose specific projects 
tor fu• ther research and oevolopmor:t. The approach taken sought not only ta focus attention on 
phenomena that are likely candidate& for exploitation but also to eliminate quickly thosq phenomena 
that. even though technically feasible, would not be operationally feasible and to eliminate 
phenomena that show no promiso of yielding high search rates. 

(U) lnitlally, Fl matrix approach was proposec' as a means for identifying technique& to be 
inveallgated. This was analogous to the approach taken by Mendeleev in his development of the 
periodic table of the elements. which served to identify previously undiscovered chemical elements. 
Along one axis o1 the proposed matrix there was •o be arraytd a "hlgh•resolution spectrum" ot the 
sciences (physics, chemistry, biology, otc.) subdivided mto thoir respective branches (e.g .. 
mechanics, heat, sound, etectrlclty and magnetism) o.nd further subdivided into phenomena (such as 
the Zeeman effect. the Faraday effect, the Kerr magneto-optic effect. the Voigt effect, etc.). The same 
spectrum of the sciences was nrso to be arrayed along a second axis to co11er cross·dlsclpline effects 
(e.g., genorallon at sound pulses in water by a <emote pulsed laser. acoustic modulation of a 
microwave beam, etc.~. Along tho third matrix axis. the properties and characteristics of submarines 
were to be 11rrayed. Each point of lntersection within the matrix would then represent a potef'ltial 
tectmique for det1;1cting submarines which would be assessed i;ubsequenUy for feasibility. 

(U} The matrix approach was tried but it soon became evident that there was a staggering 
number ol possible effacls and that some kmd of prefllterinQ was required 10 render the task 
tractabll':I within the constraints of the project. Spec1tically, mean.~ for assignmg phenomena 
associable with submarines into categories were devised that would permit one to (1} eliminate 
qu'lckly those phenomena that. even though tecnnicauy feasible, would not be operationally feaslble. 
and (2) ellmina1e pnenome11a showing no pro1nh1e o! high search rates. 
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2.0 J$} YHE FIELD APPROACH (UI 

2 1 !Ul CATEGORIES OF 'FIE LOS. 

tU) To onng the problem into focus the question was a~ked: "How do sensors wo:k in 
general?' Except tor tne relattvely improbable case '>f direct machantcal contact between the 
sensor and tne submarine \e.g .. contact mines. noisemakers that attach tt'lemselves magnetically to 
the submarine hull. arrays of line fibers or nets 'Suspended in the water to which radar reflecting 
balloons or chemical dispensers are attached), all detection techniques can be described in terms of 
"fletcls." These fretds may be dMCled into four categories: 

1 Generated by the submarine 
2. Generat'!d l'ly the sonsor 
3 Ell1f'ting independently but affected by the submarine 
4. Interactive sensor· ana submar1ne·generated fields. 

Each of these categories will be treated in subsequent sections of this report. 

2.2 tsf FACTORS AFFECTING SEARCH METHOO ANO RATE. (U) 

(U) The choice of a metnod for sean;hing for submarines and the rate at which search can be 
conducted depend upon a numoKr of factors such as (1) initial inten&itv and falloff rate of the 
phenomenon assoclattid with the submarine. (2) dimensional aspects of the phenomenon. the 
sensor. the space to be searched and of the background noise. al'ld (3) media and interface factors. 

2.2.1 IUI ln1t1a1 Intensity and Falloff Rate 

(U) It 1s axiomatic that the sought·tor phenomenon associated with the submarine must exh1b1t 
an intensity that ls initially large relative to background nOise and fundamental platform noise in 
both the temporal and spatial domains. Physically quantifiable effects typically vary w101 diatance 
from the source as r;i for the case of a point or sphencally symmetric source (e.; .. acoustic field), as 
r· 1 tor a <llPole field (e.g .. magnetic field}, as r • f(lr the gradient of a dlpole field (e.g., gradient of the 
magnetic field) or as e' (e.g., light traveling through water). The foregoing consld~tatlons effectively 
eliminate phenomena that possess other desirable dimensional. media and interface attributes. An 
eicample of the latter 1& the dipole gravitational field anomaly of a submarine which. at a distance ot 
500 meters. is so small that a 0.4·µm verlical displacement of the sensor in tne earth's gravitational 
field would produce a spunous .. signal" equivalent to that from the submarine. 

2.2.2 !fl( Oimens;onal Aspec~s (U) 

(U) Other important factors related t • potential search rates are the dimensional aspects of the 
helas involved. Fields generated by the submarine may exist and/or propagate in one. two or three 
rt1mens1ons. Examples of one-dimensional effects are the essentially line·like trails of contaminants 
(e.g .• zine and copper 1ons1 a.1d turbulence produced by 11 moving submarine which persist at the 
dep1h at wtuch 1hey were generated. See figure 2.1. 

examples ot submartne·generated eftftcts that propagate In two dimensions are the V·shaped 
pattern of waves (Kelvin wake) that spreads out in a horizontal plane on the ocean surface 
lfigurtt 2.21 and tne array of bubbles that rise at diffenmt ratcu bel'lind a (moving) submarine in the 
form of a vertical plane in the body ot water (figure 2.3). 

Examples of lhrett-d1mensional effects are the magl'let1c. gravrtattonat and acoustic fields 
product.d by the submarine. See flgurltfl 2.4. 2.S and 2.6. 
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figure 2.5 {U) Ttiree-Oimensional (Vett!cal Oipolet Field Of A Submarine ln Three-Oimensionat Space 
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CUI In a related manner, sensors oan operate m zero. one, two or truee spatial dlme1tsions. A 
simple {single•hydrophone) sonobuoy and a stationary magnetometer (e.g .• in a magnebuoy) are 
point (iero-dimens1onal) sensors whicn, of themselves. have no outreach capability. {The 
submarine-generated fields must come to them.) A magnetometer in a moving aircraft may be 
considered as operating in one dimension. witti detection by it depending upon whether the llne that 
It describes penotrates the three-dimensional magnetic anomaly of the submarine. Examples o:i 
two·dlmenslonal sensors are the passive Imaging devices such as conventional television. fofward 
1001<1ng infrared (FLtR) and photographic cameras. (Here it may be argued that these sensors 
Interrogate a three-dimensional volume but oollapee it to a two·dimensional lmage.) Examples of 
three-dimensional sensof& are range-gated a1:.1lve television, optical radar and stereoscopic 
cameras. 
~ Another dimensional nspect Involves the space that must be searched to detect a · 

submarlno·generated effect. For example, to detect nongaseous contaminants (such as zinc or 
copper Ions). which would remain essentially at the (unknown) depth of the submarine that 
produced them, would require a $Hrch in three dimensions within the body of the water. On the 
othr1r hand. it a submarine were to produce contaminants that would rise to and remain at/near the 
air-water Interlace. a search need be conducted in only two dimensions. 

2.2.3 (U) Media And lnt11rface Constraints 

(U) Another significant factor affecting search rate Is the medium (or media) (air, or water, or 
both) In which the submarine~generated effect exists. B1Jcause the density of water ts about 800 
times greater than that of air and Its viscosity Is about o5 times greater, <.irag forces limit the speed at 
whroh it is feasible to move a sensor through water to a small fraction of tho speed feasible through 
air. Accordingly, in the interest of high search rates. primary attention should be given to 
submarlne-.generated effects that are dotoctable by airborne sensors. 

(U) Another Important r.onslderation Is that most fields that exist comfortably in one medium 
(L•.g., sea water) do not couple well into a uecond medium (e.g., air) becaua .. of interface losses, 
transmission losses, or both. Notable exceptions to this rule are the static magnetic and gravitational 
fields e>f a submarine which are essentlafly indifferent to whether the surrounding meclium is air or 
water. A second exception is thQ Kelvin wake which exists at (and because of) the interface between 
air and water. On the other hand, electromagnetic radiation over quite wide frequency bands 
propagates very well through eir but very poorly through sea water except at extremely low 
frequttncles and within a narrow band ln the visible part of the spectrum. Sound (particulal'ly at low 
frequencies) propagateu very well through water and fairly well through air but. because of a 4.4 to 1 
mismatch in the speeds or propagation In the two media, very little passes from one to the other 
unless some kind ot impedance matching "tr&nsformor" bridges the interface. 

2.3 (U) DESIRABLE ATTRIBUTES OF SUBMARINE-INDUCED PHENOMENA 

(U) The object ot 1h!J 11111'1ltt for fll'IF1M1nl'lna applicable to submarine deteotion 1deauy should 
possess the following attributes: 

1. always occurring 
2. direct coupling with the submarine 
3. distinctive signature 
4. quantitative understanding exists 
5. Immunity to countermeasures 
6. provides a positive indication of the exact pnisent position. hlladlng. speed. depth and class 

of th11 submerged submarine 
7. can be coupled with a r4mote sensor 
8. no expendables required. 
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(U) Soma potentially exploitable phenomena oocur regarolen of the environment and othors 
are critically dependent upon the vagaries of the environment For example, a moving submarine will 
always produce acoustic noise and a turbulent wake; on the other hand, certain other phenomena 
require the submarine to operate in or near a region of large densUy gradient or.In a region where 
certain biological organisms elti$t. 

(U) Some otherwise desirable phenomena, for example, long·lived wake effects, are only 
weakly coupled to the submarine that generated them. There Is llttle actvantage to detecting a 
portion or a wake that may be three hoUf'B old unlasa thert 111 some confidence that the wait& la 
essentially continuous •.nd that the other enei ia atlll "attached" to the aubmarlne. 

(U) Certain types of submarine-generated phenomena differ from natural background 
phenomena only in degree whereas others differ in spatial configuration or in kind. Obviously, the 
more distinctive th• signature, the bettt:". 

(U} Predlctabillty of aubrnartne·genarated &Hect& stems from a quantitative understanding of 
the phenomena Involved. 

(U) Certain types of aubmarlne•lndua.d phenomena can be turned oft quite reaaUy by a 
submarine threatened by detection. Su oh almple countermeasures might include changing dapth to 
avoid panlng through a field of blolumtneacent organisms or to avoid generating Internet Y.'aVa& at 
the pycnooHne. 

{U) By considorlng factors such as the fortg0lng, one should be able to Identify and eliminate 
potential techniques that show time llketlhood a~ dev•loPlng Into operational sensors and to focus 
attention on those that poasess the attributes necessary for fleet acceptance. 
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3.0 sJJ( "'FIEl.OS" GENERATED BY THE SUBMARINc (U) 

(U) Figure 3.1 illustrates a oeneralizect t;ituation of a passive point (zero·c:limens1onat) sensor 
immersed in a field produced by a submarine. In this drawing. the air-water interface is not shown to 
allow tor the po&t:lbllities that the submarine may be on the surface or submerged and that the 
sensor may be above, st; or below the lnterfaco. The submarine may be at rest or in motion. 

3.1 V'ef SUBMARINE AT REST (U) 

(Jl{ If tho submarine is at rest, It may produce the following fields: 
1. Steady magnetic field 
2. Steady electric field 
3. Gravitatlonal field 
4. Neutron field 
5. Gas bubblct field 
6. Ftold of dissolved non-gaseous chemical contaminants . 

0 
PASSIVE 
SENSOR 

(UNCLASSIFIED) 
Figure 3.1 (U) Passive Point Sensor In A Submarine-Generated Field 
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3.1.1 pz:f Steady Magnetic Field (U) 

uz;) Steady magnetic fields originat& from the "permanent" and Induced magnetlzauon of the 
ferromagneth; m11terial constituting the hull of the eubmarine and from galvanic corrosion current& 
flowing through the submarine and the surrounding water. AGubmanne may develop a ··permanent" 
magnetic moment as a result of long·term alignment with tho earth's ma9netlc field (o.g:. in a 
shipyard during construction or while berthed in a dock). Permanent magnetization 1s enhanced 
if, while the submarine Is aligned with the earth's field, its hull ls heated or le stressea through 
vibration, mechanical shock or submergence. (From tho point of view of reducing their magnetic 
momenta •. 11 may be desirable to construct and berth aubmarines in an east·west orientation.) Tho 
ferromagnetic material of tho submarine (even If it Is not "permanently" magnetized) also dislorts 
the earth's fairly uniform magnetic field. Thia distortion oan be desorll:.ied a11 If it originate• from a 
temporary induced magnetic field produced by the submarine, The anomaly in the earth's magnetic 
field produced by a aubmarlne ls a function of Its orientation; its magnitude i& graatest for a 
nort.h-south alignment. For purposes of computation, a "standard" submarine ls g<:tnerally 
considered to behave as a magnetic dipole having a representative moment of about 1 .4 ><. 108 A· m 1 

... 1.4 .x 10'gauu·cm1 .. 5,000 gauet•ft*,., 5 x 10• y•fr. Current operational magnetic anomaly 
detecting equipments el(hlblt~m lnternaf·noise-llmlted aeneltMty of at>out io·n teala • 10"7 gauu"' 
10-• nT .. 10 •2 y. Because the fleld of a magnetic <llpole varies lnvorsoly as the cube of dls111nce. this 
type of sensor mu11t penetrate Into the magnetic field of me submarine to a Cfistenoe of len than 
about 1 .100 meters (3,600 ft) frooi the oubmartne In order to detect It. It the sensor ooulcl be made to 
operate at this sensitivity level in a 225·knot. low·altllude air\lraft, it would provide an arf!a coverage 
rate ot about 270 square nautical miies per hour, which is an order of magnitudo loss than that 
desired for a search sensor. The magnetie anomaly of a submarine can be reduced by p.-lng large 
curre.':'y through ''degaussing" coils or by constructing It of nonferromagnetlc materiat 
~ Another aource of a steady magnetic field from a submarine 1$ that arising from galvanic 

corroaion OUl'tenta. Tile bronze propellor forms the positive terminal and ztnc blocks attached to the 
steel hull (to prQtect the hull from corrosion) torm the negative terminal of a galvanic ceH w11en they 
are immersed In sea water. producing an electromotive force of about one volt. The posltlvlil terminal 
ia short•aircuitod to the hull through the propeltor shaft and its bearings, resultlng in currents ot 10 

·to 100 amperes flowing through the low·reslstance path of the submarine and the surrounding 
water. Because of random variations In the degree of polarization of the electrode• as a funotton ot 
time, these large steady curfents are noi5e modulated. For a shallow submarine the current 
distribution !n the water is unsymmetrical ln the vertical plane and produces a horizontal magnetic 
dlpo._ whose north·:1eeklng pole 11 on the port side of th• submarine and •ts soutl'MSHklng pola is 
on the starboard side, If a perfectly aymmetrlcal current dlstrlbUtlon should exist around the 
submarine, the magnetic field outside the current distribution would be zero. 

3.1 ;2 .jl Steady Electric Field (U) 

(~ The electromotive force of galvanic origin described abo\te produces a steady elec\ric field 
in the Vicinity of the submarine. In addition, imhmarsne-gonerated temperature gradients (section 
3.2.6) and chamicat concentration gradients (section 3. 1 .6) in the water produce weak electric tlelds. 
These electric fields. whlctl are esuntlally confined to the water. are detectable by means of 
electrodes immersed In tne water, Thase phenomena do not lend themselves 10 a large area rapid 
search soPaor. 

3.1.3 (UI Gravitational Field 

(U) In accordance with the law of universal gravitation. every mass particle produceo a 
gravltatlonnl ffeld that varies inversely as the square of the cllstanue from the partiele. Sim::e a 
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submarine has mass. It produces a gravnadonal field. Unfort11nately. such gravitational effects are. at 
best. very small. In addition. a completely submerged. neutrally buoyant submarine displaces a mass 
of water equal to its own mass and therefore no first order effect is produced. However. because the 
distribution of mass within the submarine is nonuniform, second order effects may be produced. 

(U) To provide stability, 3 submarine is designed such that its center of mass lies below its 
center of buoyancy. Because of the gr9ater concentration of mass below and lesser concentration 
above, a submarine behaves gravitationally as a vertical mass dipole. The magnitude of the 
gravitational anomaly J.9 a distance r directly above the submarine is given by 

2 Gu 
J.n .. --"" . ,, 

In which G is the universal gravitational constant and,.,. is the gravitational dipole moment. If the 
submarine is appro)(imated as a neutrally buoyant cylinder of 8.4•m diameter and maaa 7. t2 x 10' kg 
(7,850 tons), and 65% of its mass is distributlll<I uniformly throughout its lower half anct 45% is in its 
upper half, Ila gravitational dipole momentµ. = 1.19 x 10• kg· m and, at distance r • 100 m, 

, __ 2 x 6.67 x 10-11 N·ma/kg2 x 1.19 >< 106 l<g·m __ 
1 59 

•
0
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1
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(U) If the gravitational sensor Is to be employed on an aircraft. attention must be directed 
toward the ''noise" generated by movemel"t of the sensor. The variation in the acceleration due to 
gravity g with distance from the oenttH of the oatth te Is 

.£\l,.. _!a .. _ 2 x 9.81 mis~ ... _
308 

x 10 .. 09 _, 
drc r, 6.37 ll. 10' m · · 

The change In sensor altitude dre that would produce a spurious "signal" equal to the signal from a 
submarine at a ranga of 100 m is therefore 

-1.59 x io·•0 mts' , 
ctr ... ---·--·---·,. 5 16 x 10"t m = !:l1 6 um -3.08 x 10~•5·1 • . ,.. • 

That is. the sensor mu1:1t bo stable or compensated to leas than 51.6 µm in altitudo if a detection 
range of only 100 w iu t1.1 l.t~ achieved. This subject is treated in graator dotaH in reference {a). lt dces 
not appear worthwhile to pursue the concept of gravitational detection of subma:'ines. 

3.1.4 ¢ Neutron Field (U) 

C9'J The leakage of neutrons from ~ho reactor of a nuclaar submarine can be dottlcted benGath 
its hull either directly or by moans: of radioactivity induced in the sea water. Radioactive isotopes of 
sodium and chlorine are produced which have half lives of tho order 'of an hour. Oetect1on can be 
acr.omplishad either by towing a gamma ray counter through the water or by taking water salllples. 
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concentrating them by bOlllng. and cduntlng the gamma ray emissions. The probability of 
lntercep11ng a smalf region of inch.teed radioactivity by a zero•dlrnens1ona1 (point) Mnsor or sampler 
is very low: this app1'oach does not tend itself to search. 

3.1.5 ¢> Gas Bubble Field (U) 

us1 A submarine may ln1roduce Into the surro1,1ndin9 seawater a variety of gases which will rise 
in the form or small bubbles having diameters or tho order of a centimeter of less. The size of any 
given bubble as It nsee depends upon a number of competing effect&: decreasing pressure and 
increasing temperature tend to tncruse lta size and tile dluohling of the gas tends to reduce its site. 
If the net effeet is an Increase in ala as the bubbles rise. they may grow so large aa to become 
unttable and thus subdivide repeatedly into smaller l:lubblea. The larger bubbles rise at greater ra1n 
and have a smalter ratio Of surface area to volume relative 10 the smaller bubbles; therefore a larger 
portion of the gas contained in the larger bubbles wlll arrive at the surface. The gases lntrodu~ed 
into the water may include air that attaehed ltaelf to the exterior or the hull white the submarine wan 
on the surface. or air leaking from ttta Interior of the submarine. If the submarine generates 
breathing oxygen for the.crew by the electrolytic c1ecompo1tt1on of water, hydrogen gas Is produced 
as a wum product. Which must bo eliminated continuously or lnter1nlttennv. Tho oxyg&l'I 
consumption of a man at rest Is about 0.6 llter/mlnute. Becauae in th• electrolysis of water two 
molecula of hyorogen are produced for each molecule ot ~ygen, one mer of hydrogen Is prOduced 
per man per minute. If the crew consist& of 120 men (all at rest), hydrogen wrn bo produced and 
vented at an average rate of 120 llter&/minute (4.24 ou ftlmln) referred to standard temperature and 
pressure. Another source of hydrogen and oxygen is the electrolysis of water b)' the galvanic 
corrosion currents described previously. If a current of 10 amperet Is flowing, the rate of liberatlon ot 
hydrogen gas 18 no greater than 

2 ~ 1,6 x ;g ... :'f:{imolecule • 3.1 )( 101tmolecu1es1a"' 0.07 llterlmin. 

Oxygen is liberated at half the hydrogen rate. Even if the corrosion current la 100 ampetes. the rate of 
evolution of gas (hydrogen and oxygen) by this mechanism is loss than ono percent ot that from the 
oxy~!.P. generator. 

i"'l Anotht;tr gas that Is produced on the submarine and which may be vented to the ocean is 
carHon dioxide, Through respiration, the crew will produce this gaa (along with water vapor) at a 
lower volume rate than it consumes oxygen (about 60 liters per minute). Becauue carbon dioxide ls 
about SO times more 11oluble th11n hydrogen in water and because natural !Hla back.ground 
concentrations of carbon dioxide llte much greater and much more variable than concen1ratlons of 
hydrogen. its importance to submarine dets'!1lon appears to he lesa than that of hydrogen. 

(¢, Gaau in the ocean may be detected either as a col1.1mn of rising bubbles (I.a .. by physical 
meant• or as a dissolved contaminant {i.e •• by chemical means) in the water. Under certain 
conditions of relatively shallow source depth. a major portion of the emitted gas wll! enter the 
atmosphere arid form an elongated lrail undvr thv lnfluvm::e vf lhe wl111.I. FtJr thv µaitlu1,.1la1 i.;as11 
being considered hare (a passive sensor and a submarine at rost), the gas witl exist in thft form· of an 
essanttally one-dimensional column that may &xtend beyond the surface for which search wtth a 
iero-dlmenalonal sensor would provide a low probability of success. 

3.1.6 1¢ Nong11aeous Contaminant FlelCI {U) 

tft> A submarine also Introduces into the water nongaseous contaminants such as xtnc ions 
from the electrolytic corrosion Dro~ases discussed earlier and copper ions from the antlfouling 
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paint$, Because the same etectrochem1cal processes are involved with zinc as for the hydrogen 
produced through gal\'antc corrosion described earlier. 1t can be expected that ti-• number of Zn·· 
1onll go1n91nto aolution wm not exceed the number calculated previously for th6 i .. aitimum number 
of hydrogen tH.> molecule& liberated from the water. for a current of 10 amperes. therefore. Zn·· 
ions w111 be proeiuced at a maiumum rate of 

3. t .. 10'* 1onS1s"" 5.2 "- 10-1 mole9/s • 3.4 x 10·1 gramts ... 0.20 yramJmin. 

The nAlurat background concentration of Zn:" lf'I toawater is about om mg/liter. For a tubmarine at 
rest to produce an tncrease in Zn·~ concentration equal to the background level in a volume of water 
equa• to Its own volume wOl.lld require it to remain in the same location for 5.7 l\oura. The natural 
background concentration of C-.:· • of about 0Jl03 m01llter is somewhat more favor.Ole for the 
detection of small increment!JI but s.::. unpromising. 

3..2 fjl} SUBMARINE IN MOTtON (U) 

~ If the submarine ie in motion lt will produc.i not only the "flelde" clisc:uued pravtously but 
also the following adctitlonal "field1": 

1 . Time·varylng electric fteld {corrosion, motional) 
"J.. Time·varying magnetic field (corrosion. motional) 
3. Stray 50/BOJ400·Hz electromagnetic fteld 
4. Kel\.'in wake 
5. Turbulent wake 
6. Thermal wake 
7. Qaseoua contaminant wake 
8. Nongaseuus contaminant wake 
9. HydrQdynam1c prtt1sure field 

10. Acow.ittc (pressure. displacement, velocity) field 
11. Electromagnetle radiation (radio. radar. infrared. llgnt. gamma rays) 

3.2.1 ¢> Time-Varying Electric Field (U) 

fl> Time-varying electric fleldc can be produced by moaulotlon of th• galvanic corro&ion 
currents describ11d previously and by motion In the earth's magnetic field ot the submarine and the 
water in Its wake. Corrosion currents may be modulated at the propellor rotation frequency because 
of small variations In electrical resistance between the propellor shaft and its bearings as a function 
of t11e snatrs angular oosttlCln. Because these variations ate "sptkey," the modulation is r.icn in 
h1mnomes. 

~) Modulation may also occur at the "blade rate'' (propellor rotation frequency times the 
nu mt>er of blades Qn the propellor) owing to periodic variations In the length of the path betWeen the 
blades and portions of the submarine hull. The mooulllted currents themselves may also be 
modulated at the swell and wave ~eounter frequencies. 

<•l Becau•e large electric curronts pass through the hull. small changes in resistance or the hull 
may prOdUce.tlme-varying electric fields. Such resistance changes could be caused by vibration 
from on~board machinery. rattling hatch covera and perhaps even foucl sounds within the 
submarine. 
. (se> Time-varying .tectric fields from a S\lbmartne can be mea1ured by measuring the potential 
differences between paira of electrodes placed 10 the water. 

(</> Because submarines and sea water are electrical conductors. their motions through tile 
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aarth s magnetic field will give rise to local electric field anomah&S. If Uie vertical co111pon&nt of the 
earth's magnetic induction is B. the width of the submiiirlne is wand its speed Is v. then. from 
Faraday's law. lhe emf r generatecl across the submarine i$ 

t"' B wv. 

For a iO·knot. 10·meter wide submarine in a field of 0.5 x 10~• tesla. s = 2.6 mv. wtuch Is less than 
one ~rcent of the emf from galvanic corrosion and therefore not of great Significance. 

¢1 The motion impartltd to the water by the submarine may take a number of forms such as 
Uabutence. vortices. surf~t~-$ wavee and Internal waves whlcn may persist for significant Umos. To 
get some 1doa of the maq"1tudas of the fields Involved. consider the submarine-generated surface 
wave case. To a first app .01dmatiCJ11, the magnitude of the electric flflld strength e along the 
transverse waves of the Kelvin. wake is given by 

E • Sv. 

(These waves propagate at the speed of the submarine.} Therefore. for a 1 O•knot sut>marlns. 
E = 2.6 x 10-• Vim. Fields of tnis magnitude should be readily meaaurablt' with electrod8' immersed 
in the water. However. distinguishing submarine•generated effects from natural background noise 
would be chatlengmg. Furtnermcre, there appear to be better waya for detecting moving water. 

3.2.2 u() Time.Varying Magnetic Field (U) 

c¢> Tlme·varyinp magnetic fields are produced by the motional emf currents and tno modulated 
corrosion currents discussed above. Consider first the magnetic field from a single Kelvin wave. For 
sea water of resistivity p == 0.25 ohm ·m. the current density along the wave Is 

. ""' 2.6 x 10·~ Vim "' 1.03 x io-3 A/m2. 
I""..,µ"' 0.25ohm•m 

If the wave is assumed to hove a cross-sectional area of 1 m2• then the current It will carry will be 
1.03 mA. The magnetie inducuon 8 that it will produce at a range of r • 10 m 1s 

B "'et.!..,, 2 i< 10·1 Wb1A·m x 1 03 x 1o·a A "' 2 1 " 10 .. ,, Wb/m~ 211'r 1om · 

.. 2. ~ x 10··1 gauss "' 0.02iy. 

This would be barely detectable by a current fleet operational airborne magnetometer operated at a 
•1ery low almude of io m under conditions of very low aea state. There are better ways fer detecting 
waves (e.g •• visually). 

(¢) Cons1avra11on haa been given to the possibility of detecting submarine-generated intf'rnal 
waves by use of magnetic sensors. This appears futile tor a number of reasons: 11) There Is a low 
Joint probability 1hat a large density gradient will exist and that the submarine will be operating 

24 

'll!lllU!IT 

.... . .. .. .. _.._ ___ , __ , 



• 

;., .. 

' ' . 

llGllit .,,, 
NADC.80228·30 

in. ,1ear 1t: 12) The int•rnal wave generating efficiency of a normallv c.peratmg submarine 1s 11ery low: 
and i3) The very :.tow movement of the water in an Internal wave field interacting with the weak 
rnagr ~ic field of ttle earth will yield very small currt!nts and correspondingly weak magnetic effects. 

I/, From the point of view of tlme·varylng magnetic; effects produced by modtilated corrosion 
currents. a submarine may btt considered 8$ a horizontal alternating eleetrlr.; current dipole. Assume 
that Ute total galvanic corroalon ourrent i.s 25 A and that most of this Is confined to the aft half ot a 
100·m 1ong suomarine. Assume furtnor that propellor ehaft rotation proc:luoea a 1% modulation of 
this total current. Thus. the alternating current moment of the submarine will be 

i di • 0.01 x 25 A x 0.5 x 100 m = 12.5 A·m. 

From the Blot•Savart law. the contribution to the magnetic Induction along the perpendicular 
bisector of the dipole at a range r "' 1 km is 

This h• small compared to the magnetic Induction a1 the '.lame range from the ferromagnetic: material 
of the "standard" aubmarine dlecu&Sed previously. However, there may be advantages to this 
detat.:tion approach because the signals may be more readily distinguishable from noise because 
their fundamental frequency will equal the submarine's propellor shaft rotational rate and because 
the magnitude ot th la effect varies imersely as the square of distance whereas the effects of 
ferromagnetic: origin vary Inversely as the oube of distance. 

a2.3 ti> StrQy 50l60/400·Hz Electromagnetic: Field (U) 

l¢'; Alternating c:urrent at frequencies sueh as 50, 60 and 400 li;i: is used typically aboard 
sutimarlnPs for ship's service motors ot leea than 25 horsepower. Some of tttese currents may leak 
into the ti "" of the submarine and give rise to time.varying extemal magnetic fields. It appears. 
however, that In a properly maintained submarine, such hull currents do not normally eicltt and 
therefore a method of detection baeect upon this effect would yield a low probability oi detection. 

3.2.4 (~ Kelvin Wakec (U> 

(jt) A submarine passing through a body of water produces a pattern of waves on the surface 
that Is called a Kelvin wake,. See figure 3.2. The wavelength of these waves and. to a first 
appro.xlmallon. their amplltude are proportional to the square of the speed of the submarine. The 
amplitude increases with Increasing submarine size and decrease& exponentially wltll lncreastng 
submarini.t uvµth. Fo1 a 1ubmarlne Ul\vellng at constant velocity. tho wave pattern Is contatne<:I 
wltl'ltn a triangular envelope whose vert(;lX is over the submarino and which forms an angle o! 
approximately 39°. The amplitudes of the waves along the center line of t!ie wake vary inversely as 
the square root of the distance from the submarine. An example ot a class of passive sensors that 
could be Inserted Into the Kelvin wave field Is a wave buoy that could measure water surface 
diaolacernents by any one of a variety of methods. An array of such buoys could be used to obtain 
directio11a1 wave spectra. The buoy apnroach does not lend itself to large area searen: the detection 
of Kelvin waves by mor11 practicable means 1s covered in section 6.2. 

"{UI In tlll& 11:a.lc:ula11on U•e magoel!c elfect11 of 1'11i retum path u1.1rront11 111roug1t lh<Uev wal11r l\13ve be.in .ynorett Thf!llll 
ellects will tend to act jo !he op1>os1to d1«ictton and 10 ntoue1111t.1t overall ertec1 rela1rva to 1na1 calcuilaloo todl't! 
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3.2.S t¢) Turbulent Wake tu) 

(~ A significant portion of tnn energy developed by a 11ubmarme's power plant is dissipated In 
the form of water turbulence which tends to be conflnea to a cyHndrlcal tube of about 20·m radius at 
tl'le Oepttt or the submarine. This turbuht1\ce may continue to e>dst. at 1e11ols exceeding normal 
background vah.18$, for periods of several hours after J)assage of a submarine. ThlUype ot wake may 
be considered as aone-dlrnenaional field In three·dimenalonal spar:o. Searching for such a 
phenomenon with a :r;ero·dimenslonal (point) sensor woula yield a low search rate end a low 
probability of detection. If ttte submanne's depth ia about 20 m or les&. the turbulent wake may 
Intersect the surface. In this special oase the probability of detection Is enhanced Insofar as one 
need search in only two dimensions (vico three) tor this on.,dimenslonal field. Passive point sensors 
ot many types can be used to detect·wake ~urbulence. 1"heae include sensors that are moved 
machan!caUy thrciugh the water lo detect niicrofluctuatlons In Its temperature, pntSSure. index of 
refraction, sound J)ropagatlon velocity, or heat absorption rate. Because such senaors must be 
anaerted into the wake. they do not yietd high search rates. However. for detecting the surface 
expression ot turbulent wakes generated by shallow submarines. Indirect methOds such as passive 
infrared {tl\ermal} Imaging can be used to enhance search rates. In this case, an imaging device that 
can scan (the sea aurface) In two dlmonslone is ueed to seurcl'I for a one-dimf;nsional wake In 
two·dlmenalonal space. lnfrarod line acanners can deteet both temperature changes in the wake 
(e.g •• frorn the movement of coot subsurface water to the surtace and the reordering of naturally 
e>dstlng sea surface thermal patterns) and emissivity changes (e.g., from a smoothing of the water 
surface in the waks). The persistence of turbulent wakes gen&rated by shallow depth submarines 
and detec:table by Infrared line scanners is glven tn reference (b) by the empirical relation 
1'"' 1 20 8" 1 " 5 in which T Is the mean persiittenco time in minutes and S is the sea state according to thu 
NIMll Oceanoyraphlc Off ice Code. The dMoctablo wake length Lis the product of the subm11rirn1 upet.IU v •• 
and the perelstenoe time. For Lin nautical miles and v,. In the knot&, L ... 2.0 v, e-1.0s. Thua for a 
submarine speed of 10 knots and sea state 1 lhe mean detectable wake length would be 7.4 nml. lf all 
wake orientations are equally probable. the average component of wake length perpendicular to the 
direction· of travel of the swuch sensor would be 2/fr times this length or 4.7 nml. If it &s assumed that 
the Infrared scanner provides a sweep wlelth of t nml and that inter.:::eptiOn of a 0.4-nmi portion of the 
wake ts adequate for cleteotlon. th~ <Jtmaor would provide an effective sweep width of 9.9 nmi. Ao 
ulrcntft !.ll)efld of 250 kn would therefore provide an effective search rate of about 2,500 nmi1 per 
hour. A more general expres-.ton for the effective area search rate J\1 in nm1•!hr is 

[ 
811 h II ] Att • ~ ""' 3,040 can ~ - 0.51 v .. 

in which vA ia the &Garc:h aircraft's speud in knol&. h 111 He altitude in feet and fl 1a the tptal tatoral 
angular field ot view of the Infrared Sl:J&tmer. For a typical value of ti "' 120" and an assumed aircraft 
altitude of !?.000 feet (to remain below !he clnud base) the minimum area search rate goal of· l .!>00 
nml~/hr can be achieved or exceeded, for sea state 1, If the condition 

is met. Thus the 1.500 nmi~'hr search rate goal r.o:.ild be achieved tor shallow depth submarines 
under conditions of low sea state tor various etunhlnatlons of reasonable aircralt and submanne 
speeds. 
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3.2.6 ¢ Thermal Wake <Ul 

· IJiif All of the energy developed by a submarine's power plant 1s degraded eventually into heat A 
3ubrnar1110 developing 25,000 shaft horsepower imparts mechanical energy to the water at the rate ot 
it.t& MW. If the power plant ls 25% efficient, an additional amount of power P '"' 55.8 MW 1a imparted 
to the water directly in the form of heat. If only the latter heat is a1u1umed to raiH untformly the 
temperature of an 8.4·m diameter (d) cylinder of water astwm a 20·kn (speed v u 10,3 mis) 
submarine, the increase .1T In water temi:ierature will be 

4 p 4 x 55.8 )( 10' w 
.U'"' 11 d' p v o "" 1'I )( S.41 m1 x 1030 kglm~ x 10.a mis >< 4186 Jtkg·K "' 0 •023 K. 

In lh~_Jbove expression, 11 ts the density of sea water and c Is Its specl11c hoat capacity, 
'F) Oasplte the large rote of heat Influx. the rise in water temperature Is surprisingly low; so tow. 

In fact, that little upward movement of the heated water con be expected. (rhat Is. in ocean waters 
having a typical vertlcai temperature gradient. the heatect water may rise Ins than a meter before It 
comas into thermal equlllbrlum with Its turrou!'ldtnga. In lsottntrmal water, viscous drag torc.&1:1 
would inhibit vertical motion of the heated water.} Th1.1s, If heatud water from a submartrie ls to be 
detected, it must be done at/near the depth of the submarine Itself. Because the expected 
tompar·ature rise is ®mparable to the natural variations In sea wator temperature and becausu 
dragging a sensor through the water would yield low search rate, tlli& approach to dotec:Uon does 
not appear promising. 

{jl)) Because sea water ls art lonie solution. an electric potential difference will develop ac1·oss 
thv thermal gradient between the warm wake and the cooler adjacent water. Electric cvnents witl be 
produced and a weak magnetic flefd will result. It i11 expected that the magnetic field resulting from 
the warm wake will be unusably small. 

3.2.7 c,n Gasoou1:1 Contaminant Wake (C) 

<flf> The evolution of gaseous contaminants by a stationary sut>marlne was considered 
previously. The effect of forward motion ot thti subm11rloe ls to eKtsnd the one·dimonsional vertical 
column of rising tJ9$0& to a two-dlmenstonal vertical curtain of bubblt!s and disso!Ved gases, 
provided that there is a significantly wide distribution of bubble sizes and therefore rise ratos. The 
trail of dissolved gases could be detected by towing a zero·dimenslo11al (point) electroohemlcal 
sensor through the water llt any convenient shallow depth. The curtal n of bubbles coul«l be detected 
by actlvo physical means such as the scattefing of sound or fight. The remote dtitection of bubbles 
by the tatter means will be considered later under neltMIDfd Interactions. 

I'-! It follows from thli' earlier discussion of contaminants that the most likely candidate tor 
dotoctlon ls hydrogen. For presf:!nt purposes of •o"llculRtion, assume that n 20D-foot deep. 10·1mnt 
submarine is releasing hydrogen conttnuously at a 1ate of 120 liters/minute (reckoned under 
conditions of standard te1nperature und pressure} and that all of the gas dissolves In the water as It 
rites. Assume further that tha hydrogen is distributod uniformly In a vertical slab of water one 
submarine diameter wide (taken hera as 8.4 meters} and 200 flfet ($1 meterK) thick. Sinco tho 
submarine travels 309 meters in one m lnuto. the concentration of hydrogen in this slab will be 

120 Hteraltnin __ "" 16 ~ 10 • nterstm·' ' 7.6 , 10 • ml1I 
8.4 m x 61 m "' 309 m1rnin · 
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which, in f.:11.lm &Gas. col.lid remain quite constant and coherent for periods of several hours because 
of the low diffusion ratns in liq1Jlds. This oom:entration is about 50 limes greater than the normal 
ambient concentration of hydrogen in !iea water and well within the range of sensitivity of 
electrocnemicat serisorsuslng polarographlc techniqU(ls or operating on the prlnclpiaof a hydrogen 
fuel cell It appears that the princlp&l orasure moa~nii;M tending to destroy tho coherence of tho 
trail of dluolved hydronen would tlo curren1 shear in tho water whose magnitude and frequency of 
occurrence are not well known at present. For a sample culculation. if it is assumod that the trail of a 
10·knot submarine remains detectable and reoognlzabie tor throe hours. the average effective 
projected length of the trail would be 2/Tr x 3 hrs x 10 nmifhr"" 19.1 nml. If the sem•or can be towed 
through the water at a speed of 30 knots, an area ~rch rate of 573 nm1'/hr could be aehieved. lt the 
sensor ifl towed from a ship. care must be exercised to avoid the molocular hydrogen introducod Into 
the water from the g11lv11.nlc cotro&!on of tho towing vessel. 

3.2.a ~ NONGASEOUS CONTAMINANT WAKE ¢) 
(pf) Nongaseous contam1nahts such as zinc and copper discussed earlier wlll form a 

ona-dlmenslonal Une-.llke trail behind a submarine that wlll tend to remain at the constant depth of 
ttte submarine. An earlier catculatlon yielded a repreeentatlve rate of zn•• produotlon of 
0.20 gram/min. If this isdlstrlbuted uniformly within a ovcUndrical volume havln11 o eros11-1aeetionol areu 
equal to that of a submarine (takon as S5 m•) traveling at 10 knota. the concontratlon of Zn .... would 
~ . . 

. • 0.20 gfmln .. 1.2x 10-9 gfm3 • 12 ng/liter 
65 m' x 309 tn/mln 

whlt:h is only about 0.1"/.i of the natural background level. 
(IJ) The detection of Ct;Jntamlnants In a wake that remains at the depth of thu submarine doos 

nut lend Itself to large area rapid search because It involve$ moving a :tero-dlmunslonal sensor or 
sampler through a three•dlrnenslonal spai::a In the oearch for an (:lSSentlally one·dlmenslonat target. 

3.2.9 tjt) Hydrodynamic Pressure Field {UJ 

'.¢> The movement of a ship or submarine ttirough the water can produce local lime-dependent 
variations in pressure. In shallow waters such as still) channels and hUrbors, bottom·mounted 
pressure sensors can detect the passage of a vesael and have been used lo actuati~ e)lploslve mines. 
This phenomBnon does nl'lt appear to be of value In a search mh1$lon. 

3.2:10 t¢l Acoustic Field (U) 

(U) An extremely small fraction of tho lotal power develop~d in a submaflno 1s radiatw as 
sound: that Is, even tnough the power developed by a submarintt's engines tl'lay Ile of the or<iur of 10 
megawatts. only about to·• of this is e1nltted as sound. To a first approidmatlon, a submarino may be 
coneldered as a point aourou of sound whose power c.utput ranges within a few order& of magnftudu 
of one watt depending upon the spead. deptti. t}lpe and mode of operation of tho submarine. Tho 
noise speetrum consisl$ of a continuum ol propollor (cavitation) noise and flow m>ise upon which 
lines corresponding la harmonics of tl\e rotational rateli of the various pieces of 1nachinery are 
superimposed. The power radiated par unn bandwidth in tho continuum varies inversely as 
frequuncy suoh that more lhan 95% of the radiated power is emitted at frequenc1os of leas lhan 
1 l<H.t. Because water 1$ eic.tremely tra.nspnrunt to sound cmd 1>ecn1.1se i;ound 11ensurs of Gxcnpt tll 

··"' ~. Cli&RE'F 

I 
1 

I 
' ' 

ll 
If 
!i 
!l 
~ 



.. 
... 

sensitMty (including the human ear. with its sensitivity of about 10 ·11 Wtcm2) are available. a moving 
submurino generates an acoustic fleld which may br detectable at ranges of many tens of miles. 

(lJ) Sound may be detected by sensing variaUon11 In tho macroscopic proportioe ot pressure, 
density, temperature or index of retraction ot the medium, or the mlcroaooµic proprn"ties of 
displacement. velocity or accelernllon of the mol11cules. If lt Is assumeo that a submarine radiates 
sound as a simple omnidirectional point 1JOurce in a homogeneous, isotropic, non lossy, unbounded 
medium, tl1e Intensity l at a range r is 

where Pis the radiated power. 
Thll rms acoustic pressuro p Is glv~m by 

p • (llo O I)' 

In which f'G Is the m&an density of the propagating medium and c Is the speed of propagation. 
Therms displacement x of the molecules Is · 

lo which f Is the froquency. 

)( ..... ....JL_ 
2'11' 110 IJ f 

The rma vetoclly v of the molecules Is glvon by 

and tllu rms accoloratlon a Is 

Thi~ rms 1ensity variation ,, is 

in which a is. mo bulk moduh.m ot olasticity ot tho mt1dlum. 
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i¢l Insofar as tt11e study 11:1 concerned with the nonacoustic detection ot submarines. a detaih:1d 
di1>cussion of prosont acoustic delacuon techniques woul!J be beyond tile scope ot this report The 
fon19omg discussion has been provided. lo set tho stage for subsequent d1scu&&tons of 
"nonacoust1c" 11etect1on of acoustic llalds. Suiih "nooacoustic" tecnniques would include optical 
c.l8'actlon of indeK of refmotion fluctuations associated with periodic chimgas In the density ol the 
1nedium lhrou~l'l which 1i1ound waves are p11aslng. and microwav(I dotocllon of the p<.trio.Jlc 
dioph:u:ement of its surface by use ol Doppler radar techniques. It is unlikely that a "nunacoustlc .. 
point (zero·dtltHlflsional) sensor could be duvoloped that could cornpote on performooco and cost 
base:1 with convantlonal acoustic sonsors that emplo\• electromacllanicat transducers to sense 
pressure variations as!ioclatod the acoustic fiold. A possible advantage of "nonacoustlc" 
approaeties would be tho ablllty to detect the 11couatlc field rttmotuly without tho need for placing 
tr11mst.iucor11 In tl\u water. Such approaches will be dlscrusnad undur tho hea<llng of lntorne.tlvo 
&onsor· and :..ubmurlno-goneriltod flolds. 

'3.2.11 ¢l Elqctmmagnetlc Radiation (U) 

1¢) A submarine may emll rualatlon In discrete Intervals ovor most of thu electromagnetic 
apoctrum r11ngit1g trom tha o~tmmely low froquancy (ELF) n1dlotlon resuHlnQ from the modulation of 
corrosion curtents dlscuseod prevlmu1ly to gamma rays emitted from a nuclear ro1.1ctor. At 
intormadlate f :'!fqU"flr.ies aro radio wavw from communication and navigallon devices ~nd ulectnoal 
muohlnery, m!nr1Jwave raidlatlon omitted by radans. lnfrared radiation emitted by the hull by virtue of 
Its finite temparaturo. and visible light trom dollburate llgllt sources and from bloluminm;cunt 
orgi:ml~ms that mav bl! clinging to the hull. Unfortunately (from the submarlnu dt1tectlon point of 
vil:lw1, sea watur !11 u rather hostlht 1:1nvlro11ment for electromagnetic radiation. Figuu1 3.3. which was 
adl1f)ted irum reference (c). Is a plot of thu attenuation of u!ectromugnotlc rndl11tlon 1n sen wator aa a 
function of frequency from 10, to 10~1 Hz. 

NotMhat lrH:mlytwo portion$ of thuspuctrum. oamuly, In a narrow regitm about 6"' 101• Hz (thl.! 
vislbl11. IOyht band) and ut frt>quencleH leas than 11}1Hz. dttus tho Gttonuatlon drop to lws than 1 d8 
pt11 1neter. At wuvul1:mgths near the centur of tho vlslbl.e bund, tho attenuatlon by 'oa water ningm> 
from about 0.1 to t.O dll/rn. As lndlcatod In flgurla 3.3. atth,a low trequencroa tho attt.tnuntlon 
dooieasea as the sq1.um1 rout of froquoaoy. In this 1H1ctlon of the r1tp1>rt wu uru concernud only with 
thu pass!vo dutucllon ct llUbmarinu•gonor~ted flo!dt1. 111 normal opuratlun a completely subinorgud 
submarlno cannot be expuc:tud to be a ~igniflcunt sourco of llght Thu po11slbllity of dutectlng 
submarloe·uemm1tvd extromuly low froquuncy radiation hlls been dlsuussud hl con111m:tion with 
tlmo·11ary1nu elm:trh; and mauoutic llolds arising from modulatod corrosion currents. 
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Figure 3.3 (U) Attenuation Of Electromagne?ic Energy In Sea Water 

(Conductivity of 3 &iemens·meter was assumed) 
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4.0 l¢l "FIELDS .. GENERATED BY SENSORS (U) 

(~ In thl& section are considered the various types of fields that can be generated by an active 
sensor which can. in principle. interact With a remote submarine and produce a datectable effect at 
tht1 sensor as shown schematically in figure 4.1. 
These fields ir'lclude: 

1. Eloctromagnetlc radiation 
a. ELF (extremely low froquoncy) 
b. Radio frflquency 
c. Microwave 
d. Infrared 
a. Vislblo light 
t. X·tays 

2. Sound 
a. Surtae111 gravity waves 
4. Internal gravity waves 
5. Steady electric field 
6. Steady magnetic fleld 
1. Field of magnetic particles 
8. Field of surfaoD (water) eurrenl lndlcatoru 

0 
ACTIVE 
S6NS08 

(UNCLASSIFIED) 
Figure 4.1 (U) Submarine In A Sensor·Generntod Field 
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4.1 1.¢1 VISIBLE LIGHT !U) 

1Ut As discussed in section 3.2.11. oiectromagnetlc radiation ooes not propagnte well tllrougll 
sea wi;ter QXcept in the v1si.ble part of the spacm.im and at frequencies less man. at)out 1 kHz. 

!It) Within the visible spectrum. sea water is most transparent in the wavelength 1·ange of about 
450 to 510 nm depending upon the concentration. type. and size distribution of particulates 
suspended in the water. Light suffers an auenuation In water as a result of scattering and absorption 
that can be exprassed in the form 

I .i.:: 10 e •• 

in which I is the intensity of a beam of monochromatic light of initial intensity I., after having 
iraversed a distance r. For ocoan waters. the values of the onenuatiun cooffic1enr k near the 
wavelength of maximum transmission range from about 0.03 m· 1 to 0.30 m ·•.The rofluctlvlty of the 
paints uaed on 11ub1narines i& about 6%. For angles of inoldenc:e of less than 46° witf1 respect to .the 
normal. about 97% of the light striking the water aurface penetrate& the air·water interface: howover, 
as the angle of incidence increases beyond about 60", the surface reflectivity increases greatly, tho 
w.ater surface becomes more mirror-like and, aa an incidence angle of 90" ls approached. very little 
light penetrates the interlace. A sensor operating in the visible portion of the spectrum would be 
constrained to operate below the cloud base. the altltude of whk:h Is quite varlablo with 
geographical location and season. 
~ The foregoing factors serve to intpoee the llmlts of porformance on any active de111ce to 1:10 

used for the direct optical dotectlon of submarine&. That Is. because the late1 al scan angle I& llmltei;t 
to about ;i:6Q"· relative to the normal. the sensor swath width Is limited to about 3.5 times tho »ansor 
altitude, which. in turn. is limited by the cloud baoe. which, for the North Atlantic. has a median 
altitude of about 1,500 feet for coverage of 50% or more. If one takes 2,000 feet as a nominal 
operating altitude, the swath width would be about 1.14 nml and the area search rate woulo be about 
14% greater numerically than the search aircraft speed or about 285 nml'lhr for a 250·i<n aircraft. The 
sensor's depth capability ls governed largely by the sea water attenuation coefflciant. For 
representative ocean waten1. it appears that tho law of dlmimshing returns limits d"'tectlon depths to 
about 100 meters. A simple rule of thumb Is tnat a ton,fold mcroase 1n 11luminator power yields an 
mcrease 1n depth capab1llty of ubout one attenuation length (the reciprocal of the ammuat1on cueffimont 
kl. Thus. to improve the depth capability in sea water of medium clanty (e.g .. k = 0.067m·1) from 100 
meters to 116 meters (16%} would require a ten~fold increase In 1llumlnator power, A numbt~r of 
equipment f>OSSibilit1es eJost. mcluding 

1. Active line scanner 
2. Act111e range·gated televislo11 
3. Optical radar. 

4. 1. l l}t) Active Line Scanner (U) 

(¢') In the case Q( the active line scanner. the conjugate image of a small intenss light source is 
scanned repeatedly. by means of a rotating mirror. across the ocean .surh«ce perpendicular to tho 
direction of aircraft travel; forwards can is produced by the forward motu:m of the aircraft. A 'eceiver, 
consisting essentially of a multiplier ohototube at the focus of an optical system. 1s scannod In 
synchronism with the ttansm11ter. The output of the phototube ts thun usod to intensity· modulate a 
cathode·ray tube to produce a ploture·type display. To redu<ie me effect of glare from tM ocean 
surface. the equipment can be angled to scan about 20' ahead oftha am::raft. With a .sigmf1cant 
increase in complexity. a form of range gating can bti achie11ed by having tha receiv.er'~, 
>ns1antanoous field of view trail behind the transmitter spot on the surface. 
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4.1.2 <Ul Active Range-Gated ,.elevlslon 

{U) Active range·gated television systems have been employed on Navy patrol aircraft for 
nighttime ship classification. Such devicea 1yp1cally provide narrow llelcls of view and tl'erefore Clo 
not yield high search rates. In addition. bacause oach pulse of light from tho llluminutor must 
1Uumlnate the entire sensor fiel<J ot view (rather than a single picture element at a time). a much 
larger laser peak power ls rl!qulrecl compared to that for an optical radar. 

4.1.3 (¢) Optical Radar (U) 

!fl>. Optical radars have been developed and Investigated for submarine detect.ion since 1962. In 
controlled experiments Involving an optical radar installed in a h&llcopter. Slgnals reflected from 
submarines at keel depths at1groat as about 60 mHters have been detected in stale five saas off Kay 
West. Ffoitda. See reference (d}~ 

4. 1 A (~) "Bl.EACHING" (U) 

<¢l One might speculate on the posalbiltty of using a brute force technique involving a 
hlgh.,,,nergy laser that could "bleach" the sea water by driving all potential absorbers to higher 
energy levels. Unfortunately. in all but the clearest oc1tan waters, the mQjor conttlbutor to the 
attenuation ls scatterll'lg rather than absorption. Thus. in gene1al. the Improvement to be gained 
would be small. 

'ft) If sua water can be assumed to be a saturtlblo absorber. the power demiltles that would bo 
mvolved could be prodigious. Supposu uno wanted to bleach water at a wavelength of 450 nm. The 
energy of f.lach photon would be 4,42 )( 10 ·1"J. If lt Is assumed that one photon must bo absorbed by 
nne electron per molecule to saturatG a one-mHllllter sample of water. tho energy of tho pulsu ot 
photons must be 1.48 ~ 104 J. Tha sample would remain transpar~mt for a p41rlod equal to a 
relaxation time which Might be of tho order of 10 "to 10 ·•a. Durin~ this brief intt:trval e second pulse 
could be transmitted along the path of the first to seek out the target. The task ls fraught with 
difficulties. however; for example, for such short relaxation timus the path would becomo nb®rbing 
again J}etore the reflected pulse could retum. The approach doosn't appear too teaslbla. 

4.2 (¢j C:XTAEMELV LOW FREQUENCY RADIATION (U) 

(¢} Aotlve electro111agnet1c sensors operating at frequenclos of loss than about 1 kHt are used 
iii prospootlng for minerals and have been proposed for dotectlng submarines. i'he cho1cu of i.m 
optimum frequency is dependent upon ii number of co!'11peting tactors: (1) th0cattenuation 
coefficient In sea water Is proportional to the square root of frequency: (2) the wavelength of tile 
eloctromagnetic radiation in sea water should be small in compatisor1 with tho size of a submarhtQ 1t 
significant baokscatteting from the target I& to ooc\,lr: and (3) the method and relativu ea~c of 
generating the radiation ere t.lepsndenl upon fmqumlcy. 

1¢) For sea walet of conducti11lty 4 111omun111motor. tho spood of µropaganon 11 of a piano 
e~ectrornagnotlc wave of frequency f i& given by v 1.6 • 1oi t• m/.s. The corrosponding wavulength 
;. "' 1.6 x 101 rl m 11nd tile attenuation coafficmnt k "0.0041• m '. Fur thu undorsua wnvulength tu bu 
less than ono-fourth the length of a 125-m long submmioa would require a frequency groater th;;in 
2.6 ktlz. If one can to!er<:&te a power 1011s no greater than m1o on the one·way trip of tho r:1d1auun 
down to a 300-moler deep aubinnrmo. a fraqueney of 15 Hz or less is dictated. It appears that the 
ct101ce of a compromlso froquoncy would bo g<iverned by the metttod of glinoration ot t11e radi11t1on. 

(U) Two general methods of generatlnq extromoly low fraquom:y (ELF) filllds aro considon)d: 
rotating ol1:1ctromagnets carrying steady currents and nonrotating coils carrying t11ntM1mymg 
cu rrantl$. 
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IU> The magnetic induction a proouced at a d1su1nee z ulong tho mos of a mag"IOtic 1S1po1e of 
moment µ. 1s given by 

in whichµ.,, 19 the permeability coostant The magnetic moment of on air core coil of N olosoly spaced 
tums end area A oarrying a turrent i isµ. ,, Ni A. r ;)r a rnagnetic dipole tc prodvce a magnutic field at 
a distance of 100 m equal to that of the earth {i.e .• apptmdmatuly 0.5 gauss""' 0.5 x 10 ·• tesia) would 
require a dlp:)le having a moment 

4.2.1 <J4l Rotating Superconducting Eloctromagnet {Ul 

<¢i For purposaa of reference. In 1912 11 suplftconductl1\g magm~t of momunt 1 o• A·""' was 
developed and flight tested in a CH·53 hohcoptu1· tor UH in a Navy minosweeplng program. Se~ 
reforonou le). From an extrapolation of dllta giv&n in reforence (f), it uppcaers that a supurconducting 
elGCtromognet could be constructed that would produce a magmatic momont of about 10~ 
ampore•meter" but Wfllch would weigh about 4QO lb and have a diamoter of about 6 motor;.. Ono 
miglH first consider the posslbility of lnstalllng llUch a device In an aircraft and pas1:1!ng u 
tlm•v.arying current through it to produce a timtHarymg magnetic field. Howevar. when (mu 
conslden1 that the i11d1.1otlvt1 time constant UA would be of tho ordor of tens ol mlnutos for such a 
dt1v11.;e. one is discouraged from trying to unergl:co It with an alternating oummt. 

(U) If a i:;uperconducting m~gnol is tinargized with a tliract current. a remotu tlmu-vury11lg 
magnetic fluid -0an btt µroducod by rotating lhe coil. However, the task of installing and mtatlng a 
llquid-hotium-cooled coll of6·meter dtameter on an aircraft is not to be taken lightly. Snfallur 
diameter coils could be designed bul o.t the expen$e ot greater weight; for oicamplu. lo achiave the 
same magneUc moment of 10" A· nt2 with 5-m and 4"m dlamet11r coils would lnvotvo wu1ghta ot nbout 
800 and 1500 lb respectively. Ttu.1• we19hts would Include provisions for dissipating 1110 
connidorable amount of enem;• stored in thQ magnetic field In tho evont the cull winding& 
unmc~eteuly go out of tlio superconducting modu. 

(jtl In practice. the rotating magnet might bti attm::hed beneath llle soarch aircraft but rm-durably 
separated and shielded from it to reduce the adverse effects on alrr.ntft instruments and oci:upanta. 
Tho rucaiver could be a magnt>tametar or magnetic gtadlomet11r installed In u second mrnratt or 
towud buhind the transn>ittlng aircraft. 

4.2.2 t?l Nonrotatlng Largo Coil (U) 

(d) A second approach toward gonorallng ELF fields from an aircraft is to construct :i coil of 
very farge aroa by winding a conventional etectrlc111 conductor around 1ho aircraft from wtngttp to 
wlnQttp to tall. For a p.3 atrcraft. the wing spon is 30.4 m and tho ovoralt length tll 35.6 m. Tha lungth 
of oaoh turn ot w1ro would be about 87.2 m and the arao of 1110 coll that would result would be 
approximatoly 364 m~. To achieve a magnetic dfpolo moment huvin·i a root•mean·sQullffol 1raluo of 
10~ A· m~ Uwo orders of mag1'11tudo smailor than that dlS<:u11:sud above) would ru'1uirn a total 
..:lrculatlng rms currant of 2747 ampere turns. lt the coil 11; C'onstnlctoo nt hitm ~mlkl eor>!lf.11 VNP of 
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111ze A.W.G 0000. whu::h Is rated at 325 arr.peres. an 8.45·turn coil could be used. Its electrical 
resistance. at an assumed temperature 01 50 C. would be O. 133 ohm and the power dissipated in It 
would be 14 kW. The weight of the copper wire .would be 705 kg (1550 lb). To provide some Idea of 
the rate or falloff of the field with distance. it shoutd be noted that tne amplitude of the magnetic . 
induction proctuceo along the axis of this coil would be 9<1ua1 to the earm ·s fleld at a distance of only 
17.8 m trom the aircraft . ti> It is e1epected that an active liLF sensor coula be developed that would yield detection 
rangH comparable to that achittltable with a passive magnetometer or magnetic gradlometer. 
Insofar at detection by this method doea not require the submarine to have a magnetic moment nor 
even to be constructed of ferromagnetic material but only to have an electrical conductivity 
slgnlflcantly different from that of sea water. it could provide a capaoitlty agalf\st degauned steel 
and tltanh..tm hull 1ubmar1nea that conven,loriat magnetic anomaly detectors C'l not afford. In any 
case, however. it would not provide the aoughMor search r111teJ of i .500 to 5,000 nml'lhr. 

4.3 IJt> SOUND (U) 

<¢> One of the most widely exploited technique& 1ordetecting and localizing submarines 
Involves tho generatton of eound by fl transducer Immersed In the water and the subsequent 
aetectlon of the echo of tha: sound reflected off the aubmarlne, Aa pointed out previouSly, sound 
propagate• wall through bott' water end air but dOff not i;Mnetrate well from one to tl'le other. 
A~cordlnf:ly, if one wishes 10 "ene~aie underwater sound from a high speed platform such as an 
airplane or a helioopter. one usually bridges the air-water ir.terface with dipping sonars or with 
sonol)uoya. Con!Hder for the pre.sent. however. tne possibility or projecting sound directly Into the 
water from an overflying aircraft. The reflectance R of $ound at the alMea interface at normal 
1nctelence Is given by 

in whloh p.., and P. are the denSiti(ls of water and air, respectively. and v., and v. are the veloctties of 
s •und In water and atr. reeQecthtely. Inserting representative MKS Yalues into this equation yields 

R,,. 1.03 x 10• x 1.5x101~1.2 x 338.., 
099948 1.03 )C 10' )( 1.5 !( 1& + 1.2 )( 335 . . 

That it, only 0.052% of the normally Incident sound passee tt\rough the interf<ice. Because &ound 
travels In sea water at a speed about 4.4 times greater than in air. the lru:tex of refraction of water n, 
(for sound) relative to that ol air o, is n2 "" 114.4 .., 0.227. For sound In air incident .. m the water 
surfa<"e at an angle ti, rel atfve to the normal. the angle of refraction 81 al the sound In water is g•ven 
by Snell's law 

or 

• .. 



c 

{L 

Because sin IJ2 cannot exceed unity. the maximum value of fl, (Le .• the critical angle 11.1 for which 
sound c3n enter the water Is 

Sound In air ls "totally Internally reflected" back Into the air lor angles of incidence greater than 
13, 1 ... Thus only that sound that falls within a cone of half·angle 13.1" {that Is. within a solid angle 
n .. n tan2 13.1" .. 0.171 ster) has some possibility of en1erlng the water. and. from the foregoing, no 
more than 0.052% of that can penetrate. I' an overwater sound source. such as an aircraft. radiates 
acou1lic power at a rate of P watts uniformly In au direction& (i.e .. over 471 Ster). the power P' Incident 
on tha surface within this solid angle and passing into the water wm be · 

P' < 0•171 x ;.ax 10-.. P .. 7.1 x 10-• P watt. 
~ . 

Note that the total amount of aeou1tlc power entering the water ls Independent of source altitude. 
The sound intensity I in the water directly betow a 1·W source at an assumed attitude of 1000 m le 

which is above the threshold of hearing c10-•• W/cm') of the unaided human ear. If all of the sound 
from an airoraft thu& incident upon a shallow depth submarine were retleoted back to the surface 
without further loss or spreading. the intensHy above the surface would be 

Detection ol this low intensity sound agalnat a background of direct path sound. of intensity at least 
3.7 "" 106 times greater (I.e •• {5.2 x 10""4)·1) does not appear promising tor detscting submarines. An 
easier. but less desirable. alternative would be to penetrate the interface only once by using an 
airborne souJCe to produce a rapid succession of sound pulses havlng known points ot incidence on 
th~ $&a surtace and using a passive listening sonobuoy to receive the returns from the submarine. 

(jt) The quesUon swill:. to reduce to this: How can ono overcome the acoustic mismatch at thA 
air-sea interlace without mechanically bridging that Interface'? Perhaps the answer is the acoustlcal 
analog of quarter-wavelength thick coatings of intermediate Index o1 retraction used so successfully 
in optics to render surfaces m:mrefleetive. Another posalble answer rs to produce tho sound 
indirectly by zapping th& surface by a pulsed sou roe of electromagnetic radiation sucl'I as an 
airboml! laser. Water 1s quite Q?aque'to 10.&-micrometer radiation from a co, laser; that I&, lt 
absorb$ essentially all the energy within the first 100 micrometer& of depth. A 1 ~loule laser pulse has 
sufficient energy to boil explosive\y 383 micrograms of water initially at 15 ·c. thereby producing a 
"bubble .. of vapor having a '.'olume of O.e2 cml. A. "click'" ol sound 1s produced at the surface whlch 
cen be used in an active sonar system in con1unction with a patisMt lls,(:lning sonobvoy. This 
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approach suiters sevt'.'ral limitations: first. the eHlciency of converting infrared energy to acoustic 
~nergy by this method is only ..ibout 1 O ":second. the sound is produced at the very surface and thus 
does not propagate well in water exhibiting typical vertical temperature gradients. 

4.4 !U) SURFACE GRAVITY WAVES 

(U) Another ty,>e of field that could be produced arUflcially and which could interact with a 
submarine Is a surface gravity wave field which could be generated by the harmonic motion of a 
large piston in the water. The motion would nc.t be confined to tl'te surface but, for the deep water 
case. woula consist of the movement of Individual fluid partlc;tes in vertical circular orbits. The r:idll 
R of the parttcle orbits decrease exponentially with depth z as g!Ven by 

in whioh A Is the amplitude of a wave of wavelength k. Thus surface waves of l-m amplitude and 
100·m wavel~gth will be ac:coinpanied by particle orbital motion of 8.6-cm diameter ata depth of 
50 m. Si nee the period T of oce11n waves ls rotated to~ by the formula T ~- (211'Aigl1, where g is the 
acoeteratlon of gravity, the perlod of orbital motion of the particles In the above example woul<I be 
8.0 seconds and their orbital speeds would bo about 3.4 omls. The' preaence of a submarlno and/or 
Its turbulent wake at a depth wl'lere these orbltal motion& are significant will cause a small amount of 
scattering Che surfac.:e wavos. A stationary 1ubmartn.e would produce a series of wavG:B e~pandlng In 
the forrn of rings over the position of the submarine. These small amplitudo waves would have to be 
detected against a background of naturally occurring waves and the artificially generated wave field. 
The energy tnveatmtnt in a 10 km >< 10 km fleid of waves of 100·m wavolMgth anct 1-m amplitude 
would be of the order of 10" joules, To maintain a 10-km wide field of such waves would a power 
expenditure of the order of 10' watts. This approach does not appear feast ble. especialltto r the large 
artta search mission. 

4.5 (U) INTERNAL GRAVITY WAVES 

(U) The problems associated with the generation and utilization of an internal gravity wave field 
would bEt analogous to those d!scuned above. Coupling the generator to the medium and d.etectlng 
the scattered Internal wave9 would probably be more difficult In this case. 

4.S (U) srEADV EL!CTRfC FIELD 

(U) A steady electric field could bo produced by applying a potorttlal differenca between 
electrodes placed in tl'le water. An intrusion into the field by a metallic submarine woul(t reduce the 
reeistanr.e of the path between the electrodes. Consider the speclflc lllustratlve example of two large 
vertical plane parallel electrodes. each 101Ym by l 00 m, separ~h:1.J by a distance o! 1 km in sea water 
of conductivity 4 slemens/m. If a submarine, approximated as a right circular cylinder of inflnito 
conductivity, length 125 m and diameter 6,4 m. is placed between the electrodes. the resistance 
between the electrodes will be reduced by about 0.07%. a val.ue which is fairly independent of the 
orientation of the submarine relative to the f!eld. If the size of the electfodes. andior the distance 
between them were to be reduced. larger signals would result but the probablllty ot the submarine's 
entering the field would be reduced. Perhaps the Umltilig noise in such a detecting &ystem would 
arise from random variations in temperaturi.J and salinity of the intervening sea water. The 
conductivity of sea water varies with temperature by 2 to 3% per kelvin. the actual amount depending 
upon the salh'lity and the location of the temperature interval. Thus. for the case ass1Jmod ;1tmve • 
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vanations .of tl1e order ol 0.02 tu 0.03 K In the temperature of the water between tl'le electrodes would 
produce noise comparable 10 tho ~lgnal from a submarine. This approach may be marginally feasible 
from a technical point of 111aw but 1t hardly appears attractive from the operational 1f1ewpomt. 
parucularly as a large area search sensor. 

4,7 (U) STEADY MAGNETIC FIELD 

(U) A steady magnetlu field could be produced over llmltl.ld regions of apace such as harbors, 
channels and estuaries by means of large current-carrying loops laid on the bottom, circulating 
electric currents In the water. permanent magnets. and conventional and superconducting 
electromagneta, Sffects prouuced by the submarlno may be of two types: a distortion or the 
magnetic field If tne submarine is constructed of ferromagnetic material, and mottonal electric tlelds 
produced by the movement of .the submarine (assumed to be an eiaottical conductor) and/or of the 
water !n the applied magnetic flold, Effects of both types rn111y be detactod by magnetometens, 
magnetic gradiometers, or iJy simply monitoring the electric currents In loops of wire, Or.ce again, 
these approaches do not lend 01emseivos to large area se1.m:ih. 

4.8 ¢} FlELO OF MAGNETIC PARTICLES (U) 

(~ .it a large numb•r o1 magnetic particles (either magnetized or magnetizable) could be town 
over large areas of the ocean they would leno to align their magnetlQ moments (permanent or 
Induced) in tho dlroclion of ·the tocal magnetic field. If the presence of a submarine a.Itel'$ 
significantly the.direction of the earth's magnetic fleld and if the orientation ot the magnetic parth.:les 
can be detected remotely. a potential technique tor detecting submarines would result. It the 
magnetic momsnftl ams moments of inertia of the pattlcles are known. then the magnitude of ttte 
local magnetic field could be d9'ermlnod by mousurlng thti frequency ol oscillation of tho portlules. 

4.8.1 cft> Orientation (Field Oirecllon Changes) (U) 

(t!) Consider flrst the change In the direction ot the earth's magnerlc field that could be 
produced by a "standard" submarll•J of magnet!~ momentµ "' 1.4 ,. 10l A· m~ as a function ofrange. 
Assume that the submarinu can be represented magnetically as consisting of N and S poles lying 
along the submorine·s longitudinal axis and soparoted by a distance 2 n ... 80 m. The magnetm 
im:tuction a, from the submarine along the perpendicular hlsector of tho lln& joining the N and S 
poles and at a distance s from it i& given by 

Consider tho best case situation in which lhe submarlm; Is aligned ln an east-west direction. Assume 
th& horizontal component ot earth's magnetic induction to be BE"' 0.2 x 10· • T. Then the maximum 
angle .1tJ thrllugh whlcl1 a magnetic compass needle would be deflected by the presence of a 

s1.1bmll.rine would be J.u == arc tan B,16,. =arc tan (s2 • 1~0f;;. If It ls ~ssumed that deflections of 

as smalJ as 0.1 degree coulo be sensed, detecUon cculd be accomplished at a ioubmarine•to· 
compass-needle range of s "' 62 m. In principle. large numbers of magnet1:ted needles would be 
scattered over .i wide expanse of ocean surface and thuir onentaUons sensed remotely. perhaps 
by a hl9twesolutlon radar of variable pofarlzntlon. Only under perfectly calm sea conditions could 
l"lrte expect au of the needl98 to be properly aligned. In a sea thl'lt is not calm. the orlontauon of 
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any particular compaes needle will be determined mostly by chance and onty slightly by the 
magnetic torque between the earth's magnetic: field and tl'le magnetic moment. Suppose that there is 
a scattering ot the orientations of c:ompass needles over a range of .:;o.s·. If o.s' Is then taken a1;1 the 
smallest angular displacemiJnt that can be sensed for an onsemble of ntedlea. the maximum range 
to the submarine would then be only tom. The prospects for detecting submarines by this method 
do not appear encouraging. 

4.&.2 <¢> Oscillation (Fietd Magnitude Change&) {U) 

<¢> A somewhat more promising approach might be to sow the ocean .surface with magnetic 
particles that would respond IO submarlne·produced changes In the magnitude of the magnetic field 
rathur than Its direction. The fntquency f of !lmall osclllatlona of a compasa needle about its center of 
masa In the absence of friction is 

1 ~4'1e. , ___ ~ 
2?T I ' 

If B, ... O.s x 10..,, T. µ • 7.8 x 10-•A·m2• and the mument Of inertia 1 .. 4.8 x 10~ 1• kg·mil*, then 
f ·"" 4.6 liz. The changt. in frequency df acC'lnipanylng a chango in the magnitude of the magnetic 
field dB1 would be 

For the condition as.sumed above and a change dB11 • 1 nt (from, for oxample a "standard" 
submarine at a range of 303 m> df .. 4.6 x to~s Hz. Measurement of such a s.nall frequency change 
would require an observation llme of tl'te order of (df)' '.that is, a rather dtscour11g!ng 6. t hours. 

<I> To make this approach feaalble It woutd be necessary to use magnetic particles exhibiting a 
much higher ratio of µ.11 than that discussed above (i.& •• 1 6 x 101 Alkg) as a means of Increasing f 
and df to values that are measurable In reasonable times (i.e •• of the order of one second). Electrons 
and the nuclei of many species of atoms poS$esS magnetle moments: representative values are 
~.27 x 10-ao A·m" for a free electron and 1.41 )( 10-1• A n•' for a hydrogen nucleuli (prott.ln). If one 
assumes that a proton can be considered as a solid sphcr~ of uniform deMlly of rlldlus i .4 x 10-•1 m 
and mass 1.67 x 10-~1 kg, Its moment of inertia I., would be 

and its ratio of magnatlc moment to moment of Inertia would be 1.08 x 1031 A/kg. Its frequency of 
oacmatlon In the eai1h's flold would be 3.7 " 10•a Hz from the formula appllod above to the caso of 
tho <..-cmpa.ss nffdle. Actually. h.awever. thEt situation is not qullo so simple. Because the magnetic 
moments arise from tho spinning of the charged particles about their axe&. the particles also possess 
mechanical angular momentum, Accordingly. ttle particles do not simply vibrate (as would 11 

·iu1 Huro It w1111 a&1111111od !hai the neudkls are 1.0 cm lor.v noo0,10 n1m In diamotor and madotil Ah11Go lHtavmy;. dlll1!ltlVol 
7.J 9ram,..crn, a11d 111umanant maqnetu:1ttton o! 12.SOO gaus~. ' 
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com1>ns3 needle) but rather precess at the Larmor frequency about the direction of thff' external 
magnetic field In a manner analogous to a rotating top in a gravitational field. The frequency of 
precession f is given bv 

in whien e is the electronic charge. M it the mus cf the particle. B la th& external magnetic induction 
and g is a tudge factor whouo value depends upon the spm)ies of particle. For a proton In a magnetic 
field of0.5 x 10-• tesia 

for a tree electron In the sam11 fletu, 

f ~~1.ex10-~~5><1Q~•_ 1 40 10,H 
... 411 )( 9.11 x fo-~ ... · x i. 

The change In frequency df aacompanylng a change dB in thtt a;xtomttl magr11Ulc field Is 

For dB .. '! nT, df = 0.043 Hz for a proton In the oarth'a field and df"' 28 Hz for a flee dl+JCtron. 
Observation time& required to measure theoe frequency changes would bo of the order of {dfJ· ' or 
about 24 s and 0.04 s, respectively. Hydrogen nuclei are present in sea water in great abundanc11; 
1..inpairud electrons are P,.•ent in oxygen molecules In the atmosphere and in paramagnetic aalts 
dissolved in sea waier. Accordingly it Is not necessary for the sensor to generate a field of thosa 
particles. Further dlscuaslon of this topic Is defer red to section 6.1. 

4.9 l¢l FIELD OF SURFACE (WATER) CURRENT INDICATORS (U) 

(¢) Under certain oceanographic and submarine operath\g conditions. n ml)l1in9sobmari1h,i rmn 
effect and/or affect 1oca1 warer aurtace currents. If the water surface could be tagged. oorhaps by 
marker& dispensed from an ;aircraft, it would be pos1:1lble to detect very .small changes in swrft1c1.t 
current produ1::ed by o tubrnarine. Surface currents could arise in a number of ways such as 
displacement ot water by the submarine. g~neration of vortices by control surfa<ms. turbuloncu. 
changes In convection patterns. surface gravity waves. turbulent waka collapse. internal waves. 
stream& of rising bubbles or hot waler. and a vortlcal component of propeUor wash. Techniques such 
as using a crop duster aircraft to lay 11 grid ot sulfur or o.lummum powder or simply throwing roams of 
mirnaograph paper trom an alrplano have been trl!id. Calculations of local surfaca cummts from tlla 
displacement of water by tho hull of a 6·kn submarine yield values of about 3 cmt11 for a keel deplh of 
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100 ft and 0.03 emfs for a keel depth of 300 fl. Surface currents of up ti') 1.4 emfs have been calculated 
11111 re!tulllng lrom vortices from the negative ··utt" of control surfaces for a 5.S·kn submarino 
op&ratlng at a keel d~pth of 130 feet with a net hydrostatic buoyancy of 24 long tons. Such local 
surface current anomalies move with the subniarlno and therefore act for only a shurt time on a 
given region ot water. Accordlngly, seeding techniques such as those mentioned abuve, which 
ruveal dlsplacemimts of the surfaco water over a period ,of tlmo, do not provide a sensitive Indication 
of motion. It appears t.hat another mechanism, the effuct of aurfaco currents on the slopes of short 
surface waves, could provide a much more sensitive Indicator (and on& which does not roquiro tho 
u&e o1 01<pendablea). Thia approach Is considered In section li.3. 
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5.0 11tt "FIE! OS" t:XISTING INOEPENO~NTL Y BUT AFFECTED BV THE SUBMARINE (UJ 

(¢i In this section aro considured tho variouti IYP*JS of fi1otlds of natural origin and of human 
c1.11tural origin which can. in principle. intoract with a submarine and produce a detectable ttfftilct at a 
romote sonsor au illustrated schematically in figure 5.1. In some casos. the effect may be simply a 
rodliotrlbutlon o1 tho "energy" of the flttld. In othar cases. the "field" may represent i:itored enorgy 
whose relea1111 Is trlggorod by tne pretsenco or p11ssat1t1 of a submarine. Th111 "fields" consldorod 
heru includo: 

1. Eluctromognutlc radiation 
a. ELF (uxtremely low frequency} 
b. Sunlight 

2. Sound 
3. Suriaca gravity waves 
4. Stoady magnetic field 
5. Blolumlnesoent o~ganlsms 
6. Sea anlmala 
7. Ooean stratification 
8. Internal wave fl11lds 
9. Water convQctlon calla 

10. Thermal 1nlcrostructure 
11. Surface films. 

0 I ~N~R 

I/ 

(UNCLASSIFIED) 
Flgu1·0 5.1 (IJ) S<:atlerlng Of An Independently Exiutlng Field By A Submarino 
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5.1 c¢l ELECTROMAGNETIC RADIATION (U) 

5.1. 1 t¢> Extremely Low Frequnncy (I I) 

lP:) As discussed In suction 4.2. axtremoly low troc:iuency (eLF) radlatlon can penetrate sea 
water to considerable depths. The amplitude of a plane electromagnetic wave as it penetrates mto a 
conductor decreasos to a valuo of tfo (37%) of Its Initial value In a dlstancu d (th& "skin depth") 
givon by tho equation 

d"' J;-,_-· 
wµ•r 

in which w Is the angular frequency of the radiation, and 1r and /1- are tho conductivity and magnetic 
permeability of the conductor. respectively. t=or sea water, thit itkln depths corresp()ndlng to 
frequenclt1s of 1.0. 10, 100, and 1000 Hz are 252 m, 80 m. 25 m, and 8.0 m, respectively. As discussed 
In HCUon 4.2. another factor Influencing the choice of frequency is the length of the submarine 
compared with the undorsoa wavelength of tho radiation. If the submarine Is equipped with a low 
frequency antenna (such as a floating wire or a trailing buoy ferrlte·loaded loop) for receiving 
long· range 'communications, the tuned. ouployed antenna system will reradlate SOo/• of the 
oleotromagnetlc radiation that It Intercepts. Thus, the submarine will act as .i very low love! source of 
radiation when it is irradiated at the frequency to which its antenna system Is tuned. Tho incident 
r01diatlon may be elthOr man-made or of natural origin. Tho frequencies suloctud tor tho 
SANGUINE!SEAFARER communtcatlon system are 45 and 75 Hz. Commiorcial elecMc powar 
transmtsslon lines serve as vast antenna systems emitting racllatton at fruquenr:1eu of 50 .ind 60 Hz. 
Radio broadcast stations arv another sou1ce of "froa" eloctromognetic radiation. 

5.1.U <¢l Sferlcs/Whlstlers (U) 

<¢>' Eloctromagnutlc radlatlons originating from atmospheric atectrlcal discharges. such as 
those accompanying thundurstorms. are known as sterica. Sferics omitted by lightning discharges 
exhibit a frequency distribution ranging from a row hertz to a few gigahertz with tho peak occurring 
at about 10 kHz and ilia detoctable at ranges of thousands of miles. Sforlcs in the audio frequoncy 
range may propagate along the lines of the ea11h·s magnetic field to tha conjugate point in tile 
opposite hemisphere. Sferlcs whic;h propagate in this manner an1 called "whistlers:· Tho 
characteristic drawn-out descending pitch of the whistler Is a dispersion effect owing to !he greater 
velocity ot the higher frequency componerl\s or the disturbance. Whistlers can be detectad at 
considerable depths in the ocean. Sferlcs in general and whistlers In particular represent 
electromagnetic radiation that could possibly bo used In u dotoctlon scheme Involving thttir 
reradiatlon or ac:mermg by the submarine. 

5.1.2 <¢> Sunlight (U) 

<P> Radiation in the visible part ot the spectrum is supplied by the sun at a rate or severul 
hundred watts per square meter. By a happy coincidence the radiation from the sun peaks neur thu 
wavelength of greatest transparency of water (except tor frequencies tower than about one 
kilohertz.) A Portion of thia sunlight that entors \he water is absorbud and is dentaded ovuntually to 
haat; another portion is scattered and some of this light comes back out or tho water. Tho presence 
ot a submarine can affoct the magnitude, the spectral d1$tnbulion and tho polarizat1011 of t11u 
back-scattered lightj If a given submarine is in clear d!fep water of low particulate content, 1t may 
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IQ>pear light relative to the dark w>lter: ii it is in water ot !'ugh particulate content. it may appear dark 
relative to a light bai::.kground. If the submaril'\9 is viewed from an angle thet is different from the 
angle ftom which it is illuminated, the shadow cast by the submarine may be delect"lbl• as a shaft of 
telatlve darkness m the body ot the water regardless of how well the spectral reflectivity or the 
submarine matches that ot the water. 

5.1.2.1 (¢) Coior Ditfaronces (U) 

<¢> · 6eca1.1se sea water ac:ta at a m•er whoe& spectral pass band becomes narrower as the path 
length through It increases. the spectral distribution of llghi reflected from the submarine will differ 
from that scattered by the water beyond the submarine. Small dlfferenc;es in color over a submarine 
can be enhanced by differential spectral filtering and/ol' by ttle use of falae·color techniques to 
expand a amall portion of the sµectrum 11.e •• the blue-green portion) to cover the entire vls!ble 
spectrum. Electro-optical viewing device& which are now undergoing development show promise of 
dett1ctlng the very small contrasts that would be uaoctoted with a submarlnu shadow while 
potse11Slng adequate dynamic range. 

5.2 <¢> ACOUSTIC (U) 

<¢.i The sound (acoustic noise) background of the sea originates from many sources: selsmic 
dlstutbaru::as, ocean turbulence, breaking crests c>f wind driven wavq. surface wava, storms. ships. 
off·sho,. oil drilling rigs, ocean bottom mlnlt1g, lnduatt!al establishments on shore, marine anlmat1. 
falling rain and cracking Ice. This quite variable sound field it uaually regarded as a hindrance In 
aubmorlne dotoctlon. However, tha Intrusion of a submarine into a region of emsoniflBd sea space 
can produce spatial and spectral changes in the ambient sound distribution in the form of retlections 
and shadows. 

5.3 C~ SURFACE GRAVITY WAVES (U) 

<f,1 The OLOeans possess a tremendous amount Of energy in the form of surface gravity waves. 
This ertergy Is noi limited to the 1urr1.u:e but is present also In the form of orbital motion of the fluid 
particles at depth as discuaaed In section 4.4. A submerged subrnarine can cause a potnntially 
detectable redistribution of a small amount of this natural surrace wave energy. 

5.4 (U) MAGNETIC FIELD 

(U) A large ferromagnetic body such as a submarine can dli!Jtott the earth's magnetic field such 
that the resulting anomaly appears as tha field of a magnetic dipole superimposed on the (relatively) 
uniform flQld of the earth. The considerations of section 3.1.1 apply. 

5.5 <f\ BIOLUMINE.SCENCE tU) 

(al Blotumlneseent organisms aru r111ported to inhabit all parts of the ocoans at numb~r 
densfoea varying front several to several thousand per cubic meter as a function of di!lpth. time of 
day. geographical location and &et\Son. Many ot tho thousands of different speci!lls of marine 
blolumlneacent organisms emit flashe1 otlight when they are disturbed mechanically. The cmergy ot 
a •epresentati\fe fl.aan is of the order of 10 10 Joule and its spectral peak corresponds to the 
wavelength of maximum transmisnion through ~a water or about OAS ,...m. The passage of a 
submarine Uirough a field oi such creatures can stimulate them to emit light which Cl'ln be oetucted 
by the human aye with tho possible aid of a telesc:t>pe. low light level television or Image intensifier. 
The lumineiu;ent wake from a ~ubmanna at a keel depth of 130 feet has bean detected by the unaided 
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eye of an airborne observer. (Reference (gJ) II has been reported that. in some ca1Us, light from one 
organism can axcite others to radiate. In this manner. sl\eets of luminescence can propagate al l11gh 
speed across the water. (Reference(h)) Thus it Is conceivable that a submarine. at a depltt far greAtor 
than that from which the feeble light from biolumlnescent organism• could be detecitabto above the 
surface. could produce local etfec::ts that would propagate to the surface from organism to organism. 
Because of competing "noise" from the reflection of sunlight and moonlight from the ocean surtace. 
this approach seems !imrted to use on dark nights. 

5.6 t¢l FOAAGE FISH (U) 

<¢l In certalr1 geographical locations at certain times of the year. typea of sea animals sueh aa 
anol'lovles, herring arid menhadon oxist in such large PoPulatlons that they may bo considered as 
constituting a field. It has been observed that the passage of a submerged .submarine through a field 
of forage fish frightens the fish such that 1hev flee toward the eurfac11 and, in so doing, discharge 11 

conSidurable amount of gas from their air bladders. (Reference (i)) These .streams .of &>ubbles have 
been detected by active sonar (actually a recording fathometer) and. prwumably. could al10 be · 
detected by nonaC01.1stlc means. There are a number of llmlt11tlon1 to thlo general approach, 
howtver. Rist. the oidatence of sufflolently large numbers of forage flth ts probably limited to the 
continental &nelves. Second, these species feed near Ute 11uffaetP at night and rest in deeper waters 
during hour~ of daylight. (Actually, thee limitations may not bG too serious Insofar as submarines 
tend to remain over the continental shelves &"Id to operate nearer the surface at night) Third. If the 
submarine Is traveling at high speed. the tlsh receive a greater advance. warning from the greater 
amount of noise produced by the submarine and move casually out of Its way without releasing air. 

5.7 {¢) STRATir:lCATION (U) 

(¢) The oceans typically are atratlfled In layers characterized by differences in temperature. 
salinity, density, inde}t of refraetion. color. flora and fauna. The passage of a submarine thro1.1gh 
such stratified water can cause local displacements of the layers from their equilibrium positions 
and subsequent oscillations about those positions. 

5.1.1 <¢> Particulate L.ayeu1 CU) 

<¢) The turbulenoe generated by a submarine tJan produce a redi&trlbulion ot sn1all plants and 
animals in the wake. These effects are detectable by a variety of methods but perhaps optical maans 
offer the greatest flexibility. Change& in chlorophyll concentration can be monitored by mean.1 of a 
fluNometer immersed in the water or by color changes observable from above the surface. An 
optical radar could be used to detect abrupt differences ln inaex of refraction and loaal changes in 
population of auspendod particles. This general approach seom& Hmlted to small volume search 
rates; i.e .• if an qJrborne opflcal sensor is used. Its aopth capability will be smatl; if an 1mmersecJ 
sem1or is used. ilt1 iin.ia \;vveuige wm be small. 

5.8 <¢ INmRNAt,. WAVE FIELD (U) 

<¢) D&nslty stratified water Is capable ot supporting internal waves. The simplest case to 
consider is one in whloti a thick layer of density 1>' is resting upc.n a sel;lond thick layer ot grealer 
density 11. If water near the interface of the two layerta is vrmically displaced periodrcal!y from its rest 
position at a frequency f, a train of interfacial wa'oles is productd of wavelength 
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in which g is thtt acceleration due to gravity. The celerity c of the waves is given by 

(Note that for tha special case of an alr•water Interlace, 11'-:;.·::.1;. and the above: eq11ation1.1 reduce to 
thoso describing surface gravity wates;) Because the density of one layer may differ from that of tho 
:;ee<ind by only about 1%. the wavelengths and speed& of propagation of internal waves are only 
about 1% and 10°4. respectively. of their surface counlerparts. An Internal wave flotd may e:1tlst 
wherever/whenever denaitv :uratllled water exists. A submritlne cun cause a scattering of Internal 
wav41s similar lQ that produced on aurface grBYlty Wll\IVtl. Generally. the fruquency ot nnturally 
occurring Internal waves lo vary low and the coupling b•tween them and a submarlnu ls rather weak. 
In addition, tho delection of 11 !lold of internal w1;1vea from an aircraft poses problems much more 
savure than does the detection of surface waves: the dlfficulty Is tieighteoed by the need to detect 
small submarin&·caused changes in the naturally occurring Internal wave field. This approach does 
not appear promising. 

S.9 {~ CONVECTION CEL.l.S (U) 

<Jti Typically. during hours of sunlight, the upper layer of the ocean Is warmed and, (tor 
lomperaturts above 4~Cl becau1e ot thermal oxpanuion. is tees den4e than thfl underlying water. 
n1ua a condition of vertical stablllty extsts. At night, tho upper layar may lose heat through 
convection and conduction to tho (cooler) air, through radiation to space ano through evaporation. 
'rhe liltsrface layvr l'lools. beeomas more d•nat than tho underlying water and becomos vtirtlcally 
unatublo. Vlscou& forces are overcome and the denser waler begins to sink in certain regions whil& 
warnwr subsurtaoe water rtses around II to occupy tho vacated rugi<mt. That Is, vertical convection 
takes place and continues aa long as conditions exist fnr a net outward flow of heat. Under calm sea 
conditions. convection may occur in tho form of a flald of cells which, at the surfaeil. appear to a 
thermal imaging device as closed Irregular POiygons havh1g widths of about 100 meters and which 
may penetrate comparable distances into the df#plhs of the water. A completely submerged 
a1.1bmar1necan produce local flow fields a1\d turbulence which may not reach thosurtace dlroclly but 
whlcll can Interact with th9 vertical convection currents to lnfluence tile· ·oppearanco" of tho surfacu 
patterns. It the ucesn surfuce Is choppy it is not likely that a weu organii:ed arr11v of convection m~ll& 
will exist Thus. it appears thnt this phenomenon io avaitablo tor nxploit:'ltlon only under very calm 
(sea stalQ 1.ero) conditions. 

5.10 (¢) THERMAL MICROSTFIUCTUliF. (U) 

t.¢'l Tho ocaan surface ~>chlblta a thermal microiobullture characforii:od by temperatul'I~ 
variations of ttie order of 0.001 to 10 kelvins in the size regime of the ordor of 1 to 1 o~ metors. If tlrn 
turbulent wake of a autll'tiarine ioklroects the surface (See section 3.2,5.). it can reorganize lh~ 
thermal microstructuro in such a manner that tha "thermal texture" 1s cham;,ed in the wako without a 
net change In average surface temperature. This phenomenon h~ limited in i?s ASW applicatlons to 
shallow dopth submarine operations. 

&.11 {9f SURFACE FILMS (\J) 

Thoru is an abundaru.:e of fatty au1ds and asters 3'1d fatty alcohols in the ocean wh11:h cnn Ile 
adsorbed ilt tho surfnr:e. Many of those substances aro made up of long chain molecules 11.ivlny 0110 
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end which is soluble in water (hydrophilic or water loving) and another end which Is insoluble m 
water (hydrophobic or water feanng). These substances can accumu1a10 on the water with p<lrts of 
their molecules beneath tha surfac;;a and parts above to form a monomolecul.ar film. These molecules 
form a tangled network which immobllliea a thin layer of surtacr water. This. In turn. inhibits 
t1ear-surfaca convective circulation and permits the atte1,;ted su1·face to cool by evaporation by about 
o.s K. In addition, this film can damp capillary waves and form a slick. it conditions are proper lor a 
submarine 10 producq surface currents (e.g .. from turbulence, vortices or rising bubbles), the slick 
matoriat becomes rearranged. that Is. compacted !n certain areas and removed from ot'ters. The 
region from which the slick Is re1noved will tend to rise in temperature above that of the adjacent 
water surface and will therefore be detoctabte by thermal Imaging equipment. 
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6.0 f.i> INTERACTIVE SENSOR· AND SUBMAAINE·GENERATEO ··FIELDS" tUl 

ctfi In th1$ section are considered the various types of fields that could be produced by sensors 
which could interact with the fields produced by submarines to yfeld detectable effecta. See figure 
e. 1. Fields of tne two types are titted in tne followlng two co11.1mns. 

Sensor-Generated Fields 

Electromagnetic 
ELF 
AF 
Microwave 
Infrared 
Visl.ble 
Ultraviolet 
X-ray 

Steady electric field 
Steady magnetic. field 
Sound 
Surface gravity wave1 
Internal gravity wavu 
Field of magnetic partlolet> 

Submarine-Generated F1eldt$ 

Steady magnetic 
Time-varying mavnetio 
Stealiy electric 
Time-varying electric 
Stray 50/ec>l400-Hz electromagnetic 
Electromagnetic radiation 
Gaaeous contaminants (bubbles) 
Oittolvtd contaminants 
Kelvin wake 
Turbulent wake 
Thermal wake 
Acouatic 
Neutron 
Hydrodynamic pressure 
Gravitational 

(UNCLASSIFIED} 
Figure 6. 1 (U} lnteraetlon Of Sensor- And Submerine·Generated Fields 
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The foregoing represents 195 combinations of possible sensor•fielot1ubmarine•field 1nteraoliona. It 
would be both prolix and nugato:y to consider all of these in detatt. To rendet tho problem tnictable. 
the only sensor-generated fields that wlll be discussed hers are the electromagnetic. Of the 
submarine-generated fields. the gravitational. hydrodynamic pressure. and neutron fields w111 be 
cOn$idered no further. The resulting truncation of the list of combinations appears justified in an 
investigation whose ultimate goal 1s a sensor capable ot yielding a large area search rate. What Is 
envisaged Is an a;rcr::ift/satelllte·bome sensor that will prQduce a beam Of electromagnetic radiation 
(of presently uns~clfled characteristics) that will prob& the environment ln the vicinity of a 
completely submorged 1ubmarine anc:t interact with one Of more of the submarine•generated fields 
listed to produce detectable effects. 

6.1 1¢> MAGNETIC FISLD (U) 

{U) St..Oy magnetic fletaa can be detected and meBRured remotely by their Interaction& with 
electromagnetic radtaUon ftaelforwith sources of electromagnetic radiatlon. The flrat obServation of 
an effect of a rnagnetlo fleld on electromagnetic radiation wu made by Michael Faraday In 1846. 
Faraday di11<:overed that when ptan...-polariied light passed through a solfd or liquid held between 
the poles of an electromagnet, the plane of polarization was rotated through an angle that was 
proportional to the component of the magnetic field in the direction ot light propagation. In 1896. 
Pieter Zeeman established that the wavelength of light emitted by a source was altered when the 
source waa placed in a magnetic field. In broader terms. magneto-optlcat affects can be divided Into 
two classes: (1) those In which the source of ektctromagnetlc radiation is acted upon by a magnetic 
fielo. wn1ch effects a change in frequency accompanlea by polarization (Zeeman effect) and (2) 
those in which the speed of propagation of electromagnetic radiation and Its state of polarluuion are 
modified when the radiation passea through a magnetized medium (Faraday atter.t) • 

6.1.1 ¢> Faraday Effect (U) 

6.1.1.1 (U} Variation In Speed Of Propagation Of Microwaves 

(Ul Tho Faraday effect could be exploited In a number of ways. One melttod that hat been 
prQposed utilizes two aircraft traveling at low altitude along parallel paths ab ~ut ten miles apart. The 
first aircraft sends out two microwave be.ams, one having a frequency of 30 GHz and the other 60 
GHz. which i$ derived from the first by frequency doubling. The 60·GHz fr11quency is selected to 
correspond to the edge of an oxygen molecular absorption lino where the speed ol propagation 
varies as a function of 1requency. 

(U) The magnfltlc field of the earth wlll cause a splittlng of the absorption llne proportional to 
the magnitude of the magnet!<: field; if l' subrnarlne ls present. it11 magnetic field will contribute to 
this line splitting. Tne net result is that the time required tor the 60-GHz radiation to travel between 
the aircraft Is a fu,1ction of the magnetic field between them whereas for the 30·GHz radiation O is 
not. If the 30·GHz radiation hJ frequency-dot1bled ln the second alri:ralt. variations in ttle phase of 
one signal relative to tl1e other can be measured and related to the value of the magnetic field 
integrated along the line Joining the two aircraft. In this manner. submarines can be detected (and 
localized in one dimension} by two aircraft. providing a search rate of about 2500 nmi'thr. 

(U) It appear& that this app,.,ach would be bothered by a number of problems. One problem that 
can Pe am1c1pated is that the submarine signal occ.urs over only a small portion of the path but noise 
is generated over the enrire ten-mile path between the aircraft. In addition to th9 usual geomagnetic 
and geological noise. !here will be noise frc:;m variations m the spacing of lhe aircraft and from 
random variations in the temperature. pressure and water vapor concentration in the intervening 
space. A detailed Signal and noise analysis of this proposed method shou.ld be rnads. 
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S. L L2 (¢) Rotation Of Plane Of Polarization Of Ugh! lo Water (U} 

cp When a beam ot linearw po1ar1zatt light paHes through a medium In Which a magnetic field 
exists. its plane of polarization is rotated through an angle u given by 

111 which u Is the angle of rolatlon (in minute$ of are).1 ls the path length (in cm) through the medium 
In Which a magnetic field H Un gauss) exlets. B ls the angle betw11en the direction of Hand the path of 
the light, and V ill the Verdel constant (In mlnlgaus11•cm). The value of tne Verdel "constant" · 
depends upon the composition of the medium through which the light is passing. the temperature of 
the medium and the wavelength of the light. For atmospheric air (T "" 20"C) and A "' 589.3 nm, 
V"' 6.83 it 10~& min/gauss·cm; for sea water (T = 20"0 and salinity ... 3.5%) and A= 595.6 nm. 
V • 0.014 min/gauss· cm. · 

<¢> A propoeed appfoach relying on the Faraday consists of measuring the rotation of thtiJ plane 
cf polarization of a light beam projected from an aircraft into saa water and back·scattered to a 
receiver In the aircraft The amount of rotation will be prol)Ortlonal to the component of magnetic 
field Integrated along the path of tl'\e light. If the beam of ligt\t passes near a submarine, there will be 
an Incremental ctulnge in the rotation of the plane of polaritation because of the f\lbmarine's 
contribution to the magnetlc field. · 

Q2'> This approach appears to suffer a number of weaknesses. For example. light becomes 
depolarized. at lea&t In part, In passing through a scattering medium; this will make more dlfflcult (if 
not lmposalble) the task of obaervitig incremental variations of the order of one minute of arc In the 
amoun1 of rotation. Another problem Is 1t111ttl'le amount of rolation will be proportional to the length 
of the path that any given portion of 1he light travels through the tea water as it is scattered back to 
the receiver. lnhomogenettlee in the magnetic field. partlcu111rly in clo&e proximity to the submarine. 
will produce further depolarization of ttle b1:1am. This approact) does not appear to ofter any 
signfficant advantages over optical radar but does suttar a number of disadvantages. 

6.1.1.3 (U) "otatlon Of Plane Of Polarization Of Light In Air 

(U} Another approach utlll:e:lng the Faraday effect combines features of the preceding two 
approaches. That Is, a beam of plane polarized light Is transmitted between two low~altltude aircraft 
flying along r:arallel paths. and changes In the angle of rotation are observed. If the spacing between 
the aircraft It 10 nml, the amount of rotation from the earth's magnetic; field will be of the order of 
tWo minutes of arc. and wm depend upon factors such as magnetic latitude and direction of 
propagation of the beam. The "iignal" trom a submarine's magnetic anomaly would amount to a 
change hl the angle of rotation o! about 10'"' minute of arc. Stabilizatlorncompensatton of two 
airborne platforms to this de!Jrl'le of prec::leion would be a cllatlenglng task. 

6. l .2 (¢) Zeomon And Related Effects t Ul 

c¢> A number of techniques have been proposed to exploit phenomena related to the Zeeman 
effect. In this case. the sought·for ptienornena irwolve tile remote measurement ot tho 
magnetlc·flold-depende111 frequencv of em1sslon1absorpt1on of electromagnetic radiation from1by 
atoms containing unpaired electrons or atomic nuclei having nonzero magnet moments. A number 
of approaches have been proposed to accomp!ist\ this . 
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6.1.2.1 <¢) 0111ntiauser Effecl \U} 

(Pl One method that might be applied lo s1imulataatom1c nucl&1 ln the vicinity of a submanne to 
emit electromagnetic radiation at a frequency that 1s µroporlional to the local magnetic field it based 
on tile Ovorhauser effect. In this application a radlofroquency field· is applied to the ions of some 
paramagl'letlc &alt dissolved in the upper layer of the ocean wr1ere it ls desired to map the earth's 
magnetic field a.a a means of locating subMarine--inducl:ld ttn~n~aHes In It. The frequency of the . 
1nclclent radiation la selected to equal that of electron sp:n rU11onance for the pa111cu1ar 
paramagnetic ions. Some or the energy absorbed by the Ions from the rt field is transferred by 
collisions to the hydrogen nuclei in the water molecules. These nuclei then emit electromagnetic 
energy at an audio frequency which is dlr&ctly proportional to the local magnetic Induction. Sy 
scanning the rt f.ield (in the spatial domain) one can Interrogate a large area ii\ the vic:inlty of the 
aircraft while. In prlnelple. detecting the Overhauser resonance on a aulhlble 1ece1Yer. 
Disadvantages of this approach are the weakneS& of the audio frequency &lg nal emitted and tt1e 
cfifflculties in scanning the rf field whoae frequency would be In the rooge of 1 to 100 MHz" depending 
upon which paramagnetic ion is utilized: 

6.1.2.2 ¢> Two-Photon lnteractlone (U) 

6.1.2.2.1 (¢) lntersecling Beams (U) 

(~ Another approach that is being lnvestlgaied Involves the use of two intersecting beams of 
laser radiation whose region of overlap can be mada to scan through the space to be lntcmogated by 
synchronous steering of the two beams. The wavelengths of the radiation are chosen such that the 
combined eflflrgy of the photons In the two beams corresponds to some atomic transition allowed In 
one of the constituent gases in tha earth's atmo&phere near ,he sea surlace. The power density In the 
beams must be Slltflc:lently high to render two-photon transitions probatlte. When the affected 1.toma 
retum to tower energy levels they emit radiation which is "colored" by the magnetic flel<l m that 
1u1'lalf region of space. A portion of thts rad.iatlon Is intercepted by a receiver and th1 wavelengths of 
ite Zeeman componantt ar& measured as a means of measuring the magnetic field al the romoto 
location wtlere the radiation was emitted. Saslcally, this technique would permit the remote 
generation of light that Is "tagged" by the magnetic fieid at the point in space where it originates. 

6.1.2.2.2 <¢) Common Beam Path {Ul 

(¢) Another possible scanning approach that would eliminate most of the problems of track.mg 
011tt laser bearn will\ another Involves projecting pairs of plcQsecond pulses of different wavelength 
from a single optioal system. Because the Index of relrai::tion ot air is a function of wavelength. the 
seco.nc:t pulse of oaoh pair can be made to overtake and paaa ttm:. 1gh the first pulse. The distance 
tram the source $t wtiloh the pulses interact can t>e controlled by adjusting the time Interval between 
the pulses. In this manner "m11gnetlcally•tagged" light can be generatw wherever desired in a two· 
or three-dlmonslonal raster and subsequently t1nalyzed to yield an image of the submarine s 
mttgnotlc anomaly. 

6.1.2.2.3 cf) AntlparallGI Beam Paths {U) 

<¢) Another 1neth0d f)f0f)O$Gd tor magneto•optlc scanning involves pro1eet1ng a beam of 
contlnuou1; wave laser radiation lram u.1e aircraft to another flying along a parallel course al a 
distance of perl\aps 10 nmi. The second aircraft transmits laaer pulses alOng the beam back lo the 
llrst aircraft Because the position of each pulso is known as a tunction of Orne. 
"inagncU~ally·tagged" radiation resulting from cwo-photou trunsitiomi can be rnca1vorJ and 
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analyzed to determln& the magnetic field strength at all polr1ts along the line 101n1119 the 11ircraft. As 
tl'le aircraft advance. a two-dimensional image of the intervening magnetic field is produced. 

6.1.3 ~ Dlsoussion Of Remote Magnetic Oeteatlon · {U) 

¢> All of the foregoing methods for detecting magnetic anomafles remotely are highly 
spoculatlve; In most cases the principle has not yet been demonstrated for fields as weak as that ot 
the earth, let alone anomanes In that field several orders of magnitude weaker. Once th• prlnclpt•s 
are damonslrated. the nontrlvlal engineering task of danloplng a flyable scanning system would 
remain. On the other hand, because a scanning magnetometer would be able to SCrnoe the 
aubmarine's magnetic anomaly at/near the s1Jrlai::e of the wacor dltectty over the submarine, the 
single•look aansitlvity requirement could be eased to perhaP5 10 gammas; in addition. the 
acquisition of many independent looks of the anomaly would permit recognition. oven if the 
single-look slgnal·to-nolse ratio were leM than unity. 

6.2 <¢'> KELVIN WAKE (U) 

(U) A body moving horizontally at constant velocity In doap water produoas a highly organiied 
and distinctive train of waves known aa the Kelvin wake. Tho wave pattern produced by a submarine 
la slmUar to the famlllar ship wake that was studied by Sir Wiiiiam Thomson In the 1880'&. 

(t) The Kelvin wake consists of two aets of waves; the transverse wave system and the diverylng 
wavo system, which 11re contained within a trlangular-envetopo of vertex angle 2 arc sin 1/3 = 38"56'. 
See figure 3.2. The wavelength A., of the transverse waves is 

in which v is the speed of the boat arid g le the acceleration of gravity. 
c<t) Aooordtng to one formulation (Ecl<art's Flanklne.-ovolc:I approximation) given In reference U} 

the Yla've amplitude A over the submarine 

in which O Is the diameter and h Is the depth. According to Reed (reference (k)). 

gn 

Aote.•' 

In both cases. a rapid decrease in amplitude will1 Increasing submarine depth is indicated. 
Along the center line of the Kel'vin wake pattern. the wave amplitud'-'S vary Inversely as the squaro 
root of distance ast~rn: along the cusp llnes. where the transverse and diverging wave patterns 
intersect. the amplitudes vary inven1ely. as the cube.root of distance astern. Yim (reference (I)) has 
developed a computntlonal capability that permits taking into account the sail structure in addition 
to Iha null. 
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~ In contrast with many other nonacou$tlc phenomona considered for submarine dotuction. 
the Kelvin wake Is well unders1ood quantitatively. As a potential means for detecting submarines. the 
Kelvin wake possesses a number of desirable attributes: (1) It Is inchff13rent to waler stratltication 
(whereas certain other techniques being lnvestlgalod are dependent upcn stratification); (2} It 
provides a distinctive geometrit' paltem covering. perhaps, many hectares; (3} It is relatively lrnmune 
to oountttrmeuurea (Possible countermeasure& would be smaller, edower and deeper submarines 
and/or operation at vartable velocity to contuse the wake pattern.); (4) The KeMn wake la dinJctly 
covpled with the submarine. and the link from 1he s11rface to .an airborne sensor c:an also be Quite 
direct (e.g., radar. optlcal/photographic, infrared. HF); a11d (5) It provides a positive surfac:e 
tndlcatlon of the exact present posttlon, heading. speed and approximate deptll of the submerged 
submarine. 

(I!) Previous lrweatlgatlons of the Kelvin v1ake for submarine detectton were oriented largely 
toward "explaining" tho so-called CLINKER effect rather than as a candidate phenomenon ln lta own 
right. When It was shown that the cnaracteriatlcs ot the Ketvln wal<e did not match th°" reported tor 
tho CLINKER effect, interest in the former declined. Previous lnvntlgatlono were largely 
technology· rather than phenomenologv·orlented. Empirical limits to dete~ion were eatabliehed 
appropriate to the vadou!l detection technlquas without any aQurance, however, that the particular 
senalng and data proeeaslng teohnlQues were optimum. Brief descrlpttons of various detectton 
techniques are given In the following seetions. 

6.2.1 <¢l Optlcal/Photogrnphic (U) 

(!J) The specular reflei;thm of sunlight has been u&ed for detecting very small changes In wave 
slope (- 0.2") associated with Kelvin wakes. l..lmlts of detectability were inferred for oalm sea 
conditions which could be expressed In terms of the following rule of thumb: 

Maidmum submarine detection depth ltt) "" 10x submarine speed {kn). 

6.2.2 <¢> Hlgh"rlHolutlon Radar (U) 

(¢) /I. fixed-site. nonscanning radllr has bue11 used to Oblii4trve the ocean surface under which a 
a1.1bmatine had passed. The radar wavelength wa$ set to be Bragg-resonant with the capillary waves 
(~-· "' 2 ;\, .... - ... ) 1idir1g on the KoMn ~Giies. 

6.2.3 (~) HF Radar (U) 

1¢> A fixed-site 2· to 20·Mliz radio ttansmltter was used to Hll.uninate the i>ea surface t\t the 
aragg·resanant tmquency oorrespondtng to the KeMn wovos generat~ by a subme.rlne 
(i.e., ;,..... ""' 2 Aic.w1"). The Bragg•resonant frequoncy 

varies lnversaly as the square of the submarine's speed. which may not be known a pnorL In addition 
there is an angular dOp~mdence. Despite Its llrnltatlon&. this method offor~ Iha possibility Qf 
providing over•the~hori:ton detection of favorably oriented wakes. 
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6.2.4 ¢> Doppler Radar (U) 

;.Ci Thus is sonsitlva to the apeed of movemont of the Kelvin wuvo pattern which. in turn. is equal 
to the speed of the submarine generating It. 

6.2.S <¢i Passive Infrared Imaging (U) 

(¢> For large angles relative to the normal. the emlasMty of the sea surface Is strongly 
dopondont upon the angle at which it is viewed. Therefore, devices such as an infrared line scanner 
and a FLIA (forward lookmg Infrared) are able to detect Kelvin wakes from high-speed, 
shallow-depth submarlneo. 

6.2.6 <¢> Browster Angle Imaging (U) 

<¢> When light is incident at an angle IJ. on a smooth dielectric surfac....> of relative index ot 
refraction n, the reflected llght Is complotoly plane polartzed perpendl®lar to the plane of Incidence 
If 

80 ""arc tan n (Brewster's angle). 

For waater at 20"0 and light of wavelength 569.3 nm. n • 1.33299 and 1111 • 53.1~". If a perfectly 
smooth soo surface were lllurnlnated at. this ang~• and the refhtcted. light pused through u. crossed 
polari:ier. no light would be transmitted; however, It the alope of the surface were to be modified 
slightly by tho prosence of Kelvin waves, the reflected llght would be partially unpolarized and a 
portion would pass through thv crossed polarlz.er. Sy monltortng the amount of light transmitted, 
one could Infer· wave slopes. Alternatively. because the indeit of refraction of water la a function.of 
wavelength, one could Illuminate the surface at/near Brewster's angle with tight ot several l:flfferent 
wavelongths and observe color ohangeG In lt'(t Ught transmitted through the crossed polarizer as a 
function of wave aiope. 

6.2.7 <Ji> Olsoussion Cf Kelvin WakCf Detection (U) 

c¢> From tho foregoing, It is seen that Kelvin wa1u:1a possess many attributes that could 
contrlbuts toward their detm::tlon and recognition. Vot, it seema that In the work done to date. 
concentration was llniltad to one attribute at a time. It ht suggested that If aH of the intonna.t!on 
available from obstirvatton of a Kelvin wake were to be accopted, processed and uthized in a 
composite sensor. a USffful dutecting means would result, 

6.3 (~ GASEOUS CONTAMINANTS (U} 

tJ') Iii section a.1.s. the production of gaseous oonlaminants by a submarine was considered. 
On~ extreme case was assumed In which all of the waste hydrogen gas dlosolved In the water and 
detection was achieved by ln~situ eh1ctrochemica1 aensurs. Now we will consider an opposite 
extreme case in whfoh all of thll gas is assumed to rise in the form of b1.1bblti1> without dissolvmg, and 
detection is achieved remotely by illuminating the upper ocean layer (perhaps 10-m thick} nnd 
receiving the light back~scattered from tho field of bubbles. (Actually. as a bubble rises. hy•lrogen 
dissolves In the water and is partially ropla.cod by nitrogen and oxygen, which come out ol solution. 
A bubble that eventually reaches the sutface may bo over 90% nitrogen and oxygen.> 
. (s\ Assume that hydrog1m gaa is produced by• 10•k:n !.!Ubmar1no al a rate of 21/s (STPJ and that 

alt ol It rises to the aurfoco In the form of bitbbles of t·cm equivalent spherical diameter w111ch ar11 
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spread out laterally by turbulence over one submarine diameter of SA m. The rate at which bubbles 
roach the surface will be 3820 bubblestsacond. If the bubbles are dl&tributed lll'lltormly along the 
length and width ot the eubmarine·s traek. theni wilt be 88.3 bubbles per square meter and tho mean 
horizontal oomponent of area occupied per bubble will bo 113 cm a, 

{.C) The reflectivity p of the hydrog&n·wat~r interface can be calculated from Fre; l's formula. 
For normal Incidence and Indices ot refraction n, "" \ .000 and n2 .. 1.333. 

(n.i..::_!)2 
( 1.333 - 1 .000)' ,, ... -n. + 1 "' 1.333 ... 1.000 ... 0·020• 

To establish an upper limit for signal strength. assume lnltlally that each bubble can be 
approximated as a horl:zontal disc of 1-cm diamotar. Then the traction of the normally Incident light 
that would bo rerl1teted from a beam whose cross-section Is large In comparison with the space 
between bubbles would be 

88.3 bubbles/m~ x 71 x (0.5 x 10-1)1 m1/bubble x 0.020 .. 1.39 x 1 o-•. 

On tM other hand, If tho bubbles behave as spheros. the Incident llght will be reflectlitd and retracted 
over 11 wide distribution ot angles and only small portions of the area of the bubble (at tho top and at 
the bottom) will be effective In reflecting light Into .i receiver. The area S of a bubble of radius R 
which Is capable of reflecting parallel rays of light lnto a raceiv11r of aperturi> diameter O at a dtstaMo 
r from thO buhble Is 

for r ·> R. 

For r . .,. 100 m ·• 104 cm, R ""0.5 en\, and 0 ... 30 cm. 

11\at is. only a tiny glint of light will be detucted from the top of the bubble. In addition. a eimllar glint 
will bo produced from tM bottom of the bubble. Thus. for a representative case. the fr&otion ¢f the 
light from a beam whose crossvsectlon is large in compariso1i with the space between bubbles will 

be 

88,3 bubb1es/m1 x 2 x 5.6 >< 10"" m2/bubble x 0.020 ... 2.0 "< 10 •o. 

(~) The foregoing two examples ropreaent upper and lower e><tremen of otfec1lve reflectivity of 
an assumed bubble fleld. (The possibility of total internal retlection a1 the water•gas interlaces has 
been considered; it appears unlikely. however. that this would boa slqnlficant factor for the case of 
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widely spaced spheru:al bubbles and a co·loc:a1od Hght source and receiver.) An intermediate 
situation of nonspher1ca1 bubbles appears more realistic. In prac1lce, bubbloo less than t mm in 
diameter are apherlcat. lnrgor bubbles are more ellipsoidal and flattened. auuming the shape or 
"lilpherical caps" resembling the top third of a sphere. {$ea reference (m).) B1.1bbl88 having an 
equivalent spherical diameter of about 1 cm assume a lumpy, raisin shape: bubble$ of this type 
reflect li@ht along their sharply curved ridge tines from areas significantly larger than those of 
perfect spheres. It appears that, for reasonably clear water, a sufficiently large return should be 
possible to permit detection or shallow bubble tlold& at reasonably high search rates. 
Counlermeasuros that could be applied by submarines equipped with electrolytic oxygen generators 
lru::ludo [1) lntermment. rather then continuous use ot the generator and (2) operation at depths 
great enough that the bubbles dlsaolve before reaohtng the upper surface layer of tho ocean, 

6.4 ti> TURBULENT WAKE (U) 

(jl!} In section 3.2.5, the palllive detection at tho surface expression of a submarine's turbulent 
wake was dlscus~d. It we:s polttted out that the technique wae llmlte<I to submarine depths of about 
20 m. Now wa. wHI consider tho posaiblllW of detecting turbulent wakes existing In the body of the 
wahlr by remote c;iptlcal means. Two ca11i.1s will be discussed; (1) th& redlatrlbutlon of normally 
existing populations of light scatterert In the water, and (2)the Doppler shifting/broadening of laser 
radiation backscattered from tho turbulent wator in the wake. 

6.4. 1 <¢> Redli.tributlon Of light Scatterers (U) 

<¢') In thr:i first caso It Is assumod tha.t welt defined layers of light acattorem exist at depths that 
can be probed with a lt11111r radar (i.e., about 100 m or leae) and that the submarine ill traveling at a 
depth wl.thln about 20 m of one of these layers. The action of the submarine-generated turbulence Is 
to rais@ a trail Qf "dust" ;inalogous to that prod1.1ced by a vehicle movtng along a dusty road. Because 
the turbulent motfon of the wator may persist for several hours, such a trail may be deteetable for 
several tens of miles. This approach is llmlted to fairly •ttailow submarine depths. 

6.4.2. <¢> Turbulence·lnaucGd Doppler E.ffeGt (lJ) 

<¢> In the 118(:• nd case. It is assumed that apatlally and/or temporally cotterent laser radiation 
can be projeoted down through the body of the water to where a submarine's turbulent wake exists. 
Sarne of the Incident llghtwlll be reflected off scattering particles in the turblJlent water and/or off 
moving water cells of different temperature-related lndicn of refraction. Ttm reflected light. marked 
by a mixture of upward and downward shifts In frequency depending upon the velocities of the 
elementary reflectors, Is reoeh1ed and mixed with light taken directly from the laser. and beats, In 
either the spatial or 1empural domain. are produced. An analysis of the distribution ot beat 
frequencies yields the ctistributlon of turbulent velocities in the submarine wal<e which, in general. 
woulli be expected to l:>e different from ttiot ot tne undl&turbed water. 

(¢; u appears that thlt1 method will ba limited to very ahort path lengths in the water (i.11 __ tens of 
meters) and therefore shallow delKtlon depths for an airborne sensor t>~ause ot loss of i;oher-tnce 
of the laur boam as It passes through the Irregular atr-water intorface and through tne water Itself. 

6.5 !<fl ACOUSTIC FIELD [U) 

(U) In section 3.2. ta It was pointed 1.>Ut that a movlog submarine is a sound source whose 
acousllcal power output ranges within a f•w orders of magnitude of one watt Equations were given 
;to permit cnlc•Jlatlon of therms displacement. vetoclty ariu acceleration of the water particles in the 
acoustic field and the nns acoustic pres:..ure and density variations m tho medium. At a range of 1 km 
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from a 1.0·W point source in a homogeneous. isotropic. lossless, unbounded medium, the sound 
intensity is 60 nW/ma. therms acoustic pressure 1s 0.35 Pa, therms velocity is 230 nmis. the rms 
density variation is 160 ~g1mi (or 1 part In 6.6 x 109) and (for an Hsumea frequency of 6 Hz) therms 
displacement Is 6.0 nm and therms acceleration Is 8.8 µm1sa. In the above. a sea water mean density 
of 103p kg/m~ and a sound propagation velocity of 1600 mis were anumud. 

{!Z} Of all of the foregoing lntensi11• variables asaoctated with a submarine's 3aoustio field. only 
one, the e.oouatlc pressure, lende itself readily to measurement. For this rea90n, me.st underwater 
acoustic sensors In use tooay are pressure sensing devices. The other quantities aru dlscoutagingty 
small: thi& smallness stems from the large oulk modulus of elasticity B (i.o .. low oompressibllity) and 
density Po of sea water. The large product 

appears in the numerator of the eicpresaion for ttie acoustic pressure but in the denominators of lha 
expressions tor displacement. velocity and acceleration of the water particles. It would be very 
dealrable to develOp an airborne remote sensor that could sense pr&ISUte variations In the water 
without the need for a mechanical device to bridge the Interface. One possibility Is to exploit the 
Oebyo·Sears effect in whl~h the alternate ntglona of compression and rarefaction prOducad In the 
water by the acoustic field act as a diffraction grating with a grating interval equal to the wavelength 
of the acoustic waves. Because the grating Interval would be very large In comparison with the 
wavelength of light.diffraction offoct& would be extremely diftlcult to measure. 

<¢> Other method& that havQ been proposed for aenalng o.oouatlc fields rem-:>tely are baaed 
upon measurement of particle displacement and/or particle velocity. Some of the schemes: that have 
been proposed are: (1) use of a microwave or optical radar to sense th.e acoustic displacement of the 
water surface in the vicinity of a submarine; (2) use of a tlgnt beam to measure changes in slope of a 
water surface being displaced pertodlcally by an acoustic tleld; (3) use of coherent laser radiation In 
a Doppler veloclmeter mOde to sense particle motion of light scatterers In the body of tile water; 
(4) use of a beam of monochromatic light to d&teet. by Bmgg dltfraotlon effects. spatlally periodic 
variations In index of ratractlon ot the water associated with the acoustic field; and (5, use of a 
magnetometer or a magnotlc gradlometer to detttct magnetic fields produced by ~eotrlc currents 
Induced from the acoustic wave oacillatory movement of sea water (an el•ctrieal conductor} In the 
earth's magnetic field. 

6.S. 1 <¢l Mlcrowav"'10ptloa! Radar {U) 

The first of ttlese cases may be considered from two equivalent points of view: Le .. (1) the path 
betWeen the sensQr and the sea surface may be considered aa one leg of an interferomater whloh 

· measures change• in the path length usaoalated with displacement of the sea surface b)' produeing 
rlioving interference fringes. or (2) as a Doppler ra~~f which measuros the vertical component of 
velocity of the water surface. In the example considere<i earlier. therms displacement of tne water is 
only 6.0 nm (about 30 molecular diameters) which corresponds to about 11100 of a wa11efength of 
visible light or 1150 of an Interference fring.e. i·o sense such small displacements interferometrically 
would b.e a challenging task even under the best of laboratory conaltioM. (For comparison. the 
standard meter is defiried to only the nearest 11100 of a wavelength of light.) To atternpt measur1n!l 
such small displacements of a dynamic sea surface from a 1noving platform suc:h as an airplane 
would be folly. 

(jt) One could, in princlple. employ a microwave or opucal Doppler radar to sense tltu 
sinusoidally vary!nq velocity of the water surface. ThQ radar return would be frequency moctulatod 
with sidebands spaced at intervals equal lo the tr0quenc:yOesl of the undarwater sound source. For a 
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surface rms velocity v,,,,, of 230 nmts and n radar frequency F of 30 GHz. the frequency swing .lF of the radar return would be 

If, as before, an acoustic frequency f .. 6 Ht is of Interest, the modulation index 

If a laser operating at a wavelength A or 550 nm were employed, the frequency swing for the same set of conditions would be 

and the modulation inde1< would be 

Under the best of conditions. devices to achieve the forogolng would require a fantastic spectral resolution of the order of 1ou. Once again, the successful application of such a device in a moving aircraft over a dynamic ocean surface appears impossible. 

6.5.2 (¢) Opttcal Lever (U) 

<¢l Another approach that ha& been proposed for detecting an acoustic fleld in thtl ocean h> to use a light beam rettected off the surface as an optical level to detect small changes in the slope of the water $Urface. For points on the surface froll'I which the distance to the submarino is largo In comparison wtth the submarine's daptlt, the wavelength of the surface disturbance will be equal approximately to the wavelength of the sound wavea In water. For waves of assumed frequency 6 Hz and rms dlsplucement 6.0 nm, the maximum change in slope tan tJ of the water surface will be 

That ls. a change in angle of only 21 o prad is expected. If a very narrow Ilg/ii beam wore protected straight down 10 the ocean surface from an aircraft at an altitude of 10.000 m and the pos1t1on of the 
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reflection received at the aircraft were monitored. the displacement ~x that would be observed 

would be 

~x"" 2 >< 10.000 m >< 2.1 x 10·•0 '"" 4.2 x 10-e m ~ 4.2 µm. 

A beam of vlsible tight of wavelength 550 nm that forms a spot of diameter only 4.2 µm after traveling 

over a path of 20.000 m would have a divergence angle of 210 prad; to produce s1.1ch a narrow beam. 

diffraction effects would require a source aperturl) diameter d of 

This concept appears unfeasible for airborne application without even considering stabilization 

requirements and the normal background surface slope variations associated with wind drlvon 

waves and swell. 

6.6 lrz:') TIME-VARYING ELECTRIC/MAGNETIC FIELDS (U) 

(¢} In sections 3.2.1. 3.2.2 and 3.2.3. several means by which a submarine can produce 

time-varying electric and magnetic fields were discussed. These Included modulation of tho galvanic 

corro$ion currents at frequllncles corrospondlng to the propellor rotation rato and harmonics 

thereof and stray flolds at the submarine's eloctric power 1requenclos of 50. 60 and/or 400 Hz. It llOa 

water bearing such time-varying fields could be hradiated with eioctromagnotic radiation of 

sufficiently high power density thtit thu medium bet1aves nonlinearly. mhdng of the 

submartno-gonerated and oxtornally appli$d fields would occur. and sum and dlfferenGe frequencies 

would be produced. If some of the radiation is scattered out of the sea it could be detected and 

demodulated to yield the submarine-generated signals. A highly monochromatic, high-power 

scanning laser might be used as the radiation source. , 

<5Z\ Nonlinear effects can also take place in the atmosphOre. Tt1e Luxemburg oftect is a type of 

atmospheric cross•modulation that could porhap» enable one to detect ELr l''idiatlon from a 

submarine by use of a radio roce1vor tunod to the frequency of a powbrful tra11smiUAr, 
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26 Aug 2016 

MEMORANDUM FOR THE RECORD 

FROM: Division Director EO & Special Mission Sensors, Avionics, Sensors and E* 

Warfare Dept (AIR 4.5.6 

TO: Office of Counsel, Naval Air Warfare Center, Aircraft Division (NAWCAD) 

Subj: SECURITY RECOMMENDAION FOR FOIA REQUEST, DON FOIA CASE 

FILE NUMBER 2025-004095 

Ref: (a) SECNAVINST 5720.42F, DON FOIA Program, 06 Jan 99 

 

1. Recommendation. AIR 4.5.6 recommends approval of release of the information found in 

the following report: NADC-80228-30. Information found in this report was reviewed 

and found to be unclassified and releasable.  

 

2. Basis of Recommendation. All information was reviewed with current class guides and 

found to be unclassified and open source.  

 

3. Point of Contact. The point of contact for this security review and recommendation is Mr. 

Paul W. Reimel, AIR 4.5.6 Division Director, paul.reimel@navy.mil, 301-342-0100. 

8/26/2016

X Paul W. Reimel

Paul W. Reimel

Signed by: REIMEL.PAUL.W.1229241016  
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 NAWCAD 7.4 
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